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The heart of materials science is understanding the relationship between structure (how
molecules are connected at the atomic level, as well as in hierarchical building blocks) and
properties. Historically this has been achieved by studying the properties of materials in
hand, either found in nature or synthesized in the laboratory. As the understanding of
the relationship between structure and properties has grown, and our ability to calculate
and in particular to solve Schro¨dinger’s equation for solids has improved, so too has our
desire and ability to predict structures with enhanced properties through computation.
In this thesis I do each of those three tasks – prediction, synthesis, and characterization
– on a system that is of interest in its own right and which I hope may yield results that
can be applied to other materials systems as well. All of these systems are materials in the
highly-versatile perovskite structure, which can accommodate most of the elements of the
periodic table. Perovskites have been the object of much study in the laboratory as well as
being used extensively in industrial applications, with such properties as ferroelectricity,
piezoelectricity, ferromagnetism, and superconductivity.
First, I delineate the chemical factors that determine the ground-state structure of
CsPbF3. I use CsPbF3 as a guide to search for rules to rationally design from first princi-
ples new polar fluoride and halide perovskites with stoichiometry ABX3 and as a model
compound to study the interactions of lone pair electrons, antipolar structural distortions,
and the different coordination requirements of A and B cations. I show that the coordi-
nation requirements of the A-site cation Cs+ and the stereoactivity of the B-site lone pair
cation Pb2+ compete or cooperate via the anionic displacements that accompany polar
distortions, and consider the generalizability of my findings to other halide and oxide
perovskites.
Next, I describe the chemical reactions that govern growth of PbTiO3 and BiFeO3 by
molecular-beam epitaxy. PbTiO3 and BiFeO3 are among two dozen complex oxides that
are grown by MBE using thermodynamic composition control. I show that kinetics are
also critical to growing phase-pure materials by this method, and that oxidation of lead
or bismuth can be the rate-limiting step in the synthesis of PbTiO3 or BiFeO3, respectively,
from component elements. I establish a simple kinetic model for the growth of these
materials that complements the existing thermodynamic theories and delineate the fac-
tors controlling the range of temperatures and pressures in which kinetics permit these
materials to be grown by thermodynamic control.
Finally, I detail how to predict and verify the presence of hybrid reflections in x-ray
diffraction patterns of phase-pure epitaxial oxide thin films grown on single-crystal sub-
strates. I present symmetric θ-2θ scans of such films of PbTiO3, BaxSr1−xTiO3, and layered
perovskite-relative La2NiO4, in which there occur peaks (reflections) that correspond to
neither the film nor the substrate crystal structure, and argue that these peaks are the re-
sult of multiple diffraction from both the film and substrate. I describe a simple method
to predict and identify peaks resulting from hybrid reflections.
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CHAPTER 1
INTRODUCTORY MATERIAL
1.1 Introduction
This thesis is on three topics united by a common current: the unusual properties of
lead, the eighty-second element on the Periodic Table. In Chapter 2, I discuss how the
chemistry of lead in the 2+ oxidation state interacts with the chemistry of the other ions
in the compound CsPbF3 to drive its ground state structure. In Chapter 3, I discuss how
the kinetics of lead oxidation and the thermodynamics of PbO adsorption/desorption
control the conditions under which PbTiO3 may be grown by molecular-beam epitaxy. In
Chapter 4, I describe and document instances of multiple x-ray diffraction events in oxide
films, motivated by results from strongly-scattering PbTiO3 thin films.
While the unusual chemistry and physics of lead make it an excellent example for
study, the principles found in this dissertation may be equally applied to systems that
do not contain lead. For example, one of the most interesting properties of CsPbF3, its
ferroelectricity, is found in lead-free materials such as BaTiO3 and KNbO3. CsPbF3 is
a handy example system because of the coexistence between ferroelectricity and another,
more-common but generally less-technologically-useful structural distortion. The growth
mechanism of PbTiO3 by MBE is analogous to that of many other materials, such as
BiFeO3, SrRuO3, and SrIrO3; the difficulty in oxidizing lead relative to most other metallic
elements allows facile study of the role of oxidation kinetics in isolation from other factors.
Lastly, the strong scattering of the lead atom allows the signature of multiple diffraction
events to be easily observed in x-ray patterns, but the findings of double-diffraction from
lead-containing films and their substrates applies similarly to systems that scatter x-rays
more weakly. Thus, while this dissertation focuses upon lead-containing materials, I hope
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that the results will be of broad interest.
In the introduction to this dissertation I include two quotations, the spirit of which I
hope is captured in this dissertation: first, that answering “why” has value in itself. The
Chapters of my dissertation address:
Why does CsPbF3 form in the structure that it does?
Why is a very large excess of lead relative to the titanium flux required to grow
stoichiometric, phase-pure PbTiO3 by molecular-beam epitaxy?
Why does the x-ray diffraction pattern of epitaxial thin films of PbTiO3 grown on
SrTiO3 show diffraction peaks not corresponding to either PbTiO3 or SrTiO3?
There intrinsic value in answering these “why” questions. In addition, however, I
hope that answering these “why” questions may help us to make predictions (even about
the future!), and about systems besides CsPbF3 and PbTiO3. A few of the great “how”
questions of materials science and materials scientists are:
How does a collection of atoms decide what structure to take in the solid state?
How can I facilitate the growth of the crystal phases and structures that I want?
How do I confirm that my interpretation of an x-ray diffraction pattern is correct?
The chapters of my dissertation, I hope, may be small contributions to answer these
questions.
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1.2 Relevant crystal chemistry
All materials considered in this dissertation are crystalline solids. Perovskites are consid-
ered in all chapters; Ruddlesden-Poppers are also described in Chapter 4.
1.2.1 Crystal structures
The perovskite structure in its highest-symmetry form may be described as a cube with
anions X on the face centers, cations A on the corners, and cations B in the cube body-
centers. This structure is shown in Figure 1.1(a)-(c) and has space group Pm3¯m. By ge-
ometry the A cation occupies a larger site than the B cation. Approximating the ions as
hard spheres with radii r, crystal packing within the cubic perovskite structure is optimal
when the tolerance factor [72],
tol =
rA + rX√
2(rB + rX)
, (1.1)
is equal to unity. The perovskite structure is very versatile, accommodating nearly every
element of the periodic table in one of the three crystallographic sites [174]. In order to
do so the structure undergoes a number of symmetry-lowering distortions, described in
Section 1.2.2.
Oxygen is a common anion in ABX3 perovskites. While oxygen is more electronegative
than the elements on the A and B sites, the large formal charges on the cations, and the
B cation especially, allow them to compete with O2− in electrophilicity. Thus, the bonds
in oxide perovskites, especially the B-O bonds, have mixed ionic and covalent character
[161]. Fluorine is more electronegative than oxygen and so A-F or B-F bonds in fluoroper-
ovskites are considered to be more ionic and less covalent than in oxide perovskites [68].
The Ruddlesden-Popper structure, shown in Figure 1.1(d)-(f), is a structural relative
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Figure 1.1: Unit cell of the perovskite in its high-symmetry state, space group Pm3¯m (a-c)
and Ruddlesden Poppers with (d) n=1; (e) n=2; and (f) n=3, all in the high-symmetry space
group I4/mmm. Body-centered unit cells are shown for the Ruddlesden Poppers, though
this is not the primitive unit cell. In this figure black spheres represent the A-site cations,
green spheres represent the B-site cations, and brown spheres represent the anions. Green
octahedra envelop the octahedral B-site coordination polyhedra.
of the perovskite. It is traditionally described as an integral number n of two-dimensional
ABX3 perovskite sheets interspaced with a layer of AX rocksalt, giving a stoichiometry
An+1BX3n+1. In nature n is generally 1, 2, or 3 [59, 169, 170], though higher numbers of n are
possible and in oxides have been synthesized in thin-film form [77, 197, 198].
1.2.2 Phase transitions in perovskites
When the tolerance factor given in Eq. (1.1) differs from unity, the perovskite structure
may undergo symmetry-lowering structural distortions from the cubic structure. The
high-symmetry structure is known in crystallographic terms as the aristotype, and the
lower-symmetry, distorted stuctures are known as hettotypes. Among perovskites at most
half a dozen compounds occur in the high-symmetry structure at room temperature [96],
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so study of these symmetry-lowering distortions is very important to understanding the
functional properties of perovskites.
When the tolerance factor is less than unity and the A cation are undersized relative its
site in the aristotypic structure, the BX6 octahedra may rigidly rotate while maintaining
corner connectivity, decreasing the volume of the A cation coordination polyhedron and
the A cation coordination number [195, 215] while leaving the B cation environment rel-
atively unchanged. Because octahedra in perovskites share corners (anions) with neigh-
boring octahedra, there are some restrictions on how neighboring octahedra can rotate.
Glazer notation [71] is used to describe octahedral rotation patterns, describing the sense
of rotation about each of the three Cartesian axis. For example, a+b0b0 describes rota-
tion in the “in-phase” sense about the x axis, and no rotation about y or z, while a0b−b−
describes no rotation about x and “out-of-phase” rotation about the y and z axes. By
convention, the first unique magnitude is labelled a, the second b, and the third c. For
example, a+b0b0, a0b+a0, and a0a0b+ all correspond to symmetry-equivalent structures in
which rotation has occurred in an in-phase sense about the x-, y-, or z-axis, and no rotation
about the other axes, respectively. A few common Glazer tilt patterns are shown in Figure
1.2, as well as the space groups of structures with these patterns and the irreducible repre-
sentation (symmetry) of the distortions relating the aristotype and hettotypes. Distortion
modes are described more below.
When the tolerance factor is greater than unity, or when a lone pair-active cation (see
Section 1.2.3) is present, a ferroelectric distortion might instead occur of octahedral ro-
tations. Ferroelectricity was historically considered to involve displacement of the B
cation against a mostly rigid anion cage [122]. A breakthrough discovery was that in
most perovskite ferroelectrics, this distortion is stabilized by strong orbital rehybridiza-
tion (increase in bond strength) between the B cation and the anions that it approaches
[44, 45, 220]. Similar rehybridization is also seen between stereoactive lone pair cations
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Figure 1.2: Illustration of in-phase (corresponding to a phonon mode of irreducible repre-
sentation M+3 , top right) and out-of-phase (corresponding to a phonon mode of irreducible
representation R+4 , top left) octahedral rotations about the [001] axis acting on the Pm3¯m
aristotype (top center), as well as illustration of how rotations about multiple axes modify
the structure (bottom row). Magnitudes a, b, and c are chosen arbitrarily for structures
shown. Axes are with respect to the pseudocubic cell. A-site cations are shown as red
spheres, and B-site cations sit in the centers of the yellow anion octahedra. From Smith et
al, 2015 [183], which is reproduced in Chapter 2.
that drive ferroelectric distortions [44, 45, 207, 208]. The shift in electron density asso-
ciated with this orbital rehybridization increases the polarization that results from such
distortions [220].
Octahedral rotations and ferroelectricity rarely coexist in the ground state structure
due to the fact that the most common octahedral rotation pattern lowers the structural
symmetry such than antipolar rather than polar displacement patterns are favored, and
always occur to some degree [21]. The octahedral rotation pattern a−a−a−, however, is
observed to coexist at equilibrium with ferroelectricity, as in mulitferroic BiFeO3 and, as
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we will discuss in Chapter 2, CsPbF3 [23]. By studying CsPbF3 we will see that different
structural distortions – ferroelectricity driven by the B-site lone-pair cation Pb2+ and oc-
tahedral rotations driven by the A-site cation Cs+ – both modify the anion sublattice and
“compromise” with each others’ chemical requirements in the ground state structure.
In Chapter 2 I study rotations and ferroelectric displacements in perovskites within the
paradigm of soft-mode displacive phase transition theory [54]. Within soft-mode theory,
symmetry-lowering phase transitions such as octahedral rotations and ferroelectricity in
perovskites occur when a low-frequency phonon mode of the high-symmetry structure
decreases in frequency (softens) until its frequency approaches zero. With null restoring
force acting on this displacement pattern, the mode “freezes in,” distorting the structure.
The close relationship between a (hard) phonon mode that is present in a high-symmetry
structure above a phase transition, and the structural distortion that characterizes the low-
symmetry structure below the phase transition temperature, allows one to computation-
ally predict the low-temperature ground-state structure of a perovskite by considering the
phonon modes of the high-symmetry, Pm3¯m structure, as will be described in Section 1.3.
Mode crystallography [157] complements the soft mode theory of phase transitions by re-
lating a lower-symmetry ground-state structure to the high-symmetry aristotype through
the magnitude and irreducible representation (symmetry) of various orthonormal distor-
tion modes.
Several of the compounds studied in Chapters 3 and 4 are ferroelectrics below what is
know as their Curie temperature, and paraelectric above it. These compounds are PbTiO3,
BiFeO3, and Ba0.2Sr0.8TiO3, with Curie temperatures of 490◦C [180], roughly 820◦C [163],
and -153◦C [22] in the bulk, respectively. All of these compounds were grown as strained
films; as strain has a strong, positive influence on Curie temperature [42, 76, 181, 182], the
Curie temperatures of these films are likely to be higher than these bulk values [206]. Note
that both tensile and compressive strain tends to increase the overall Curie temperature of
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the film, with tensile strain stabilizing to higher temperatures in-plane polarization and
compressive strain stabilizing to higher temperatures out-of-plane polarization. The only
film whose Curie temperature we measured, a Ba0.2Sr0.8TiO3/SrTiO3 (001) thin film, had
a Curie temperature of -103◦C, [185] as predicted using Landau-Devonshire theory based
on its nominal strain and stoichiometry [181, 182].
1.2.3 Lone pair chemistry
One special case of covalent bonding deserves specific mention. In heavy main group
elements the energetic separation between the s and p valence states is too great for s-p
hybridization to occur. s-p hybridization is very common in compounds with second row
main-group elements like carbon and oxygen, and is responsible for the tetrahedral bond
geometry characteristic of organic molecules and diamond, as well as the bent shape of a
water molecule. Rather, in the heavier 3p, 4p, and 5p main group elements, the s and p
orbitals are separated by up to a few eV and thus are oxidized or form bonds separately
from each other. In some main group cations such as Tl, Sn, Pb, Bi, and Sb, an ns2 np0
valence, e.g. 6s2 6p0 in Pb2+ or 5s2 5p0 in Sb3+ [214], is common.
The s2 electrons are referred to as a lone pair, and, while they have traditionally been
referred to as an “inert” pair [214], recent work has shown that they are in fact a product of
covalent bonding and thus not chemically inert [208]. When a cation with the s2 electron
configuration bonds to a closed-shell anion – e.g. F−, O2− – both the resulting bonding σ
and antibonding σ∗ orbitals will be filled, as shown in the molecular-orbital diagram in
Fig. 1.3. Such a configuration is energetically unfavorable.
Based on the cation-anion bond strength and the energetic proximity of the cationic s
and p orbitals, the formally-empty cationic p orbital may be able to hybridize with and
thereby stabilize the σ∗ orbital. The orbital that is observed as a result of this three-atomic-
8
Figure 1.3: (Top left) Pictorial representation of the bonding vs. antibonding Pb s-O p in-
teractions and how the antibonding Pb-O σ∗ orbital overlaps in space with the formally-
empty Pb p. (Top right) Calculated real-space electronic density of the Pb s-O p σ and
Pb s-O p σ∗-Pb p orbitals in litharge PbO. (Bottom) Molecular-orbital diagram of the in-
teraction, with the energies of other calcogenide p orbitals shown in addition to those of
oxygen. Reproduced from Walsh et al [208].
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orbital interaction is what is commonly referred to as a “stereoactive” lone pair, though
note that the term “stereoactive” does not have exactly the same meaning as when used
in organic chemistry. The electronic density of such a stereoactive lone pair orbital is
strongly asymmetric about the cation nucleus.
Such hybridization is only allowed by symmetry if inversion symmetry is broken
about the lone-pair cation. Lone pair chemistry may stabilize either ferroelectric ground
states, such as in PbTiO3 and BiFeO3, or antiferroelectric ground states, such as in PbZrO3.
The crystallographic cite at which a stereoactive lone pair cation sites is forbidden by sym-
metry from being a center of inversion, but there may be a center of inversion elsewhere
in the crystallographic unit cell.
Breaking inversion symmetry carries a steric energetic cost [161]. For it to be energet-
ically favorable for the lone pair to localize and inversion center to be broken, the stabi-
lization of the σ∗ orbital must be greater than this cost. In cases when the energetic and
spatial overlap between then empty p orbital and the σ∗ orbital is poor, it may be more
energetically favorable to retain centrosymmetry. The conditions under which it will or
will not be favorable for a lone pair to localize are discussed at length in Chapter 2.
1.3 First-principles calculations
While most applications of material science require the existence of a physical material,
using a computer to study the properties of hypothetical materials can still give valuable
insight on real materials. Computational modeling allows a user to have full control of
her system, placing atoms where-ever she would like and eliminating confusing effects
from defects or impurities. Computational modeling may also be used to make systems
that are difficult or impossible to synthesize, such as unstable or metastable structures. In
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Chapter 2 I will study why CsPbF3 forms the structure that is observed experimentally
by comparing the properties of this measured ground state structure to the properties
of various never-observed but closely-related structures. I use density functional theory,
which has its foundation in quantum mechanics, as my physical approach, due to its
ability to predict materials properties from a minimum number of adjustable user inputs.
1.3.1 Hamiltonian of a system with many electrons and nuclei
This section is after Chapter 1 of Engel and Dreizler [57].
Within quantum mechanics, the Hamiltonian of a system with multiple nuclei and
electrons in the absence of an external field is given by a Hamiltonian Hˆ:
Hˆ = Tˆn + Tˆe + Vˆn−n + Vˆn−e + Vˆe−e (1.2)
for Tˆ the kinetic energy and Vˆ the potential energy of the nuclei (n), electrons (e), and
interactions among them.
The nuclear kinetic energy operator Tˆn is the sum of contributions over all K of the
nuclei:
Tˆn =
K∑
α=1
(−i~∇~Rα)2
2Mα
(1.3)
with nucleus α having mass Mα and position ~Rα. The electron kinetic energy Tˆe is quite
similar.
The nuclear-nuclear Coulombic potential energy term Vˆn−n is given by
Vˆn−n =
K∑
α,β=1;α<β
ZαZβe2
|~Rα − ~Rβ|
(1.4)
for the K nuclei. Vˆe−e is similar but with Zα=Zβ=1 and the sum over the N electrons; Vˆn−e
is also similar but negative (attractive rather than repulsive), and no stipulation that the
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counting index for the nuclei α have any relationship (including being different from) the
electron counting index β.
The wave function Ψ describes the position ~R of each of the K nuclei, the position ~r
of each of the N electrons, and the spin ~σ of each of the N electrons. The Schro¨dinger
Equation relates Ψ and the Hamiltonian as
HˆΨ(~R1, ...~RK;~r1~σ1, ...~rN~σN) = EΨ(~R1, ...~RK;~r1~σ1, ...~rN~σN). (1.5)
To solve this equation, the Born-Oppenheimer approximation is traditionally used.
Within this approximation, the wavefunction Ψa may be split into separate wavefunctions
for the electrons and for the nuclei, such that
Ψ = ΨnΨe. (1.6)
The electron wavefunction will depend on the position of the nuclei ~Rα, but the electrons
will be approximated as responding very quickly to changes in nuclear position, much
more quickly than the nuclei themselves move.
Even within the Born-Oppenheimer approximation, solving this equations is compu-
tationally very expensive (in terms of both processing and memory): for each electron
there are four variables (three spatial and one spin) [106]. Systems of interest to materials
scientists will have hundreds of electrons; for example, just a single unit cell of PbTiO3
has 128 electrons. The approach that I have used in this thesis to solve the many-electron
wavefunction is density functional theory, described in the next section.
1.3.2 Density-functional theory
The Hohenberg-Kohn Theorem [87] simplifies the problem of a many-electron wavefunc-
tion (with N3 variables, excluding spin) to a problem of electron density in space (with
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3 variables only, excluding spin) [57]. The electron density is simply the sum over all
electrons of the probability density for each electron at a particular point in space. Essen-
tially, the Hohenberg-Kohn Theorem proves that there are unique, one-to-one mappings
among: external potentials that are unique to within a constant; ground-state wave func-
tions; and ground state electron densities. In other words, one can express a ground state
of a system within a particular external potential with no loss of information as either a
many-particle wavefunction or as an electron density. Within density functional theory
(DFT), the energy of a system is expressed as a function of the electron density; because
the electron density itself is a function (of position in space), the energy is thus a “func-
tional” (function of a function) and written E[ρ] or E[ρ(~r)] for ρ = ρ(~r) the density function.
The functional F that would act on ρ to give the energy E is similar in form to Equation
1.2 for the electronic contribution [106]:
F[ρ(~r)] = T [ρ(~r)] + V[ρ(~r)] + Encl[ρ(~r)] (1.7)
for T [ρ(~r)] the kinetic energy, V[ρ(~r)] the classical Coulomb interaction, and Encl[ρ(~r)] the
so-called non-classical portion of the functional; this portion includes self-interaction, the
antisymmetry of the electrons (which are fermions), and correlation between electronic
motion.
V[ρ(~r)] is easy to calculate but T [ρ(~r)] and Encl[ρ(~r)] are not. Within the Kohn-Sham
density functional theories [70, 106, 107], T [ρ(~r)] is approximated by calculating the ki-
netic energy of a system of non-interacting electrons whose summed orbital densities
equals the density of the real system [81]. The contribution to the kinetic energy from the
electron correlations is included in with Encl[ρ(~r)] to make what is known as the exchange-
correlation functional EXC[ρ(~r)]. Various methods to approximate EXC[ρ(~r)] are given in
the next section.
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1.3.3 Practical approximations
A number of approximations are necessary for the practical and accurate calculation the
electronic wavefunctions with DFT. By practical, I mean: sufficiently economical with
computational time and memory such that the wavefunctions of systems large enough to
be interesting can be calculated with real computers in a reasonable amount of time and
at a reasonable financial cost.
Only the electrons in the outer few shells of an atom participate in bonding; the inner-
shell electrons do not participate in bonding. However, the inner-shell electrons do oc-
cupy (and thus exclude the valence electrons from) lower energy orbitals. The higher
energy orbitals occupied by the valence electrons have many nodes; their electronic den-
sity varies rapidly with position, especially near the nucleus, requiring larger planewave
basis sets to accurately describe them [158]. About the atomic nucleus the Coulomb po-
tential diverges; however, the potential of the nucleus is largely shielded by the core elec-
trons. Essentially, inclusion of all electrons and the full nuclear Coulomb potential greatly
complicates calculations without having a significant effect on the chemistry or physics
of the atom. Thus it is common to approximate the nucleus plus core electrons with a
so-called pseudopotential, which also has the effect of smoothing the valence wave func-
tions [158]. Schematics of the radial dependence of the real and pseudopotential and real
and pseudo-orbitals is shown in Figure 1.4.
A drawback of using pseudopotentials is that there is no one unambiguously-defined
best pseudopotential for a given atom; different pseudopotentials are used for different
applications, with the choice being driven by the application and computational require-
ments. Furthermore, generation of pseudopotentials is “a tricky, cumbersome, error-
prone and time-consuming task” [114]. For these reasons, a given set of pseudopotentials
will commonly be shared by many researchers. In this way the strengths and weaknesses
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Figure 1.4: The all-electron potential V and orbital φ are altered to the pseudopotential V ps
and pseudo-orbital φps inside the core radius rc. From Pickett [158], Figure 1.
become well documented and either corrected, avoided, or simply acknowledged.
Approximation of the exchange-correlation functional is also done in various ways,
depending on the property of interest of the calculation as well as restrictions to computer
power. The local-density approximation (LDA) bases the exchange-correlation energy on
that of a homogeneous electron gas (HEG). The exchange-correlation energy of a real sys-
tem is approximated as being locally the same as that of a HEG of the same density [57].
The LDA has the advantages of not having any free parameters and of relative simplicity
and computational inexpensiveness [57, 105]. The generalized-gradient approximation
(GGA) also includes contributions from the gradient of the electronic density. There are
many varieties of GGA, optimized for various purposes; PBEsol is optimized for solids
[156] was used in Chapter 2 of this dissertation.
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1.3.4 Applications of DFT
Density functional theory was implemented in this dissertation by the Vienna Ab-initio
Simulation Package (VASP) [111, 112]. Many, many different kinds of calculations may
be done with VASP or other DFT software. The following are a list of the different types
of calculations I did.
Electronic structure calculation Input a set of nuclear coordinates, pseudopotentials,
basis set for the wavefunction, and a grid of points in reciprocal space. VASP calculates
the ground state electronic wave function. The ability of VASP to accurately approximate
the true ground state wavefunction depends on supplying a large enough basis set and a
sufficiently dense grid of points of reciprocal space.
Structure relaxation Find the electronic structure for a particular set of atomic coordi-
nates. Calculate forces (change in energy with respect to position) on each atom. Move
each atom in the direction of steepest descent. Repeat electronic structure calculation,
force calculation, and structure modification steps until energy (or forces) are minimized.
Phonon calculation Find the electronic structure for a particular set of atomic coor-
dinates. Calculate the force constant matrix for every pair of atoms and each Cartesian
direction. The dynamical matrix is related to the force constant matrix through the masses
of the atom pairs. The phonon frequencies are eigenvalues of the dynamical matrix.
Structure prediction among hettotypes of a particular aristotype Find the force con-
stant matrix and the dynamical matrix of the relaxed aristotype structure. Find the eigen-
vectors of the force constant matrix. Create test structures, one for each unstable (imagi-
nary frequency) phonon mode; into each test structure freeze in one of the force constant
matrix eigenvectors, or, in the case of eigenvectors corresponding to degenerate modes,
eigenvectors along different directions to give structures in different space groups. Relax
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each child structure and repeat the process until all child structures are dynamically sta-
ble (have no unstable phonon modes). The child structure with the lowest energy is the
ground state structure, at least within the manifold of that aristotype.
1.4 Thin film growth by molecular-beam epitaxy
Molecular-beam epitaxy (MBE) is the Cadillac – or, if one prefers, the Tesla – of thin-film
growth techniques for high crystal quality [149]. Films grown by MBE may be character-
ized by atomically-sharp interfaces [28, 161] and a high degree of control over beam flux
and growth conditions [86], film crystal structural [77, 78, 136], and film oxidation state
[136, 176, 192, 204]. The films in this dissertation were grown by MBE.
1.4.1 Hardware: chamber, in situ characterization, and ozone
Molecular-beam epitaxial growth is done by evaporation or sublimation of atoms from
elemental sources onto a heated substrate in a vacuum chamber. In reactive MBE, a reac-
tive gas such as oxygen or ozone is also introduced to produce, in this example, an oxide.
All MBE described hereafter in this dissertation is reactive oxide MBE.
The background pressure of the MBE (pressure without oxygen or ozone introduced)
is generally in the ultra-high vacuum range, i.e. < 1 × 10−9 Torr [86]. However, when
reactive gases are introduced the pressure may reach 1×10−4 Torr; the fundamental upper
pressure limit for MBE is determined by the greatest pressure at which the mean free path
of the relevant (source) atoms is greater than the distance from source to substrate [175].
When the mean free path of the molecular beam is less than the distance to the substrate,
calibration and control of flux is complicated by pressure-dependent and atomic mass-
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dependent scattering of the molecular beam [175].
Besides the long mean free path of gas-phase atoms, the high vacuum environment
gives another advantage: facilitation of in-situ analysis [28]. Reflection high-energy elec-
tron diffraction (RHEED) is such a technique; I utilized RHEED in all the thin film growths
described in Chapters 3 and 4. In RHEED, a beam of electrons from an electron gun strikes
a sample at a low angle (0.5◦-2.5◦[28]), giving surface-sensitive structural information.
Because of the sensitivity to the surface in particular, RHEED may be used for real-time
feedback about the growing film, for example for flux calibrations (described in the next
section).
Besides through changing of the source temperatures, fluxes may be controlled
through opening and closing metal shutters that physically block the molecular beam.
These shutters can open or close in less than 1/10 s. During growth by reactive oxide MBE,
fluxes are generally such that an atomic layer is deposited in 30 s. Opening and closing
the shutters gives rapid, cleanly punctuated, and reproducible bursts of molecules.
Ozone – O3 – is much more reactive than dioxygen (O2) and thus an appealing oxidant
for MBE, especially when oxidizing species that are difficult to oxidize in O2 at MBE-
amenable pressures [24, 176]. Ozone may be generated from dioxygen by a number of
methods, including electric discharge, irradiation with ultraviolet light (as occurs in the
upper levels of Earth’s atmosphere by sunlight), and certain chemical reactions [89]; in the
Schlom group laboratory at Cornell University, ozone is generated by electric discharge.
The commercial ozone generator owned by the Schlom group at Cornell University
will produce a gas mixture that is approximately 16% ozone and the rest dioxygen [133]
at the default operating conditions set by the control unit [83]; the mixture introduced
into the chamber is roughly 10% ozone. The concentration of ozone may be increased
by exploiting the difference in vapor pressures between the two molecules at cryogenic
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temperatures [89]. Caution must be taken when creating concentrated ozone due to its
explosive nature; ozone may be safely collected in modest amounts by adsorption onto
silica [176].
1.4.2 Shuttered growth
Within oxide MBE, films are generally grown by what is known as shutter-controlled (or
shuttered) growth. Under this growth regime, multicomponent films are grown layer-by-
layer by depositing doses of the constituent elements. For example, the perovskite SrTiO3
(isostructural to the perovskite shown in Figure 1.1(a)-(c)) may be grown by sequential
deposition of Sr and Ti. Oxidant is supplied continuously so that the resulting layers are
SrO and TiO2. This process is repeated to grow a film of desired thickness.
This growth regime gives a large amount of control to the grower, allowing her to po-
tentially grow materials that are not thermodynamically stable or which do not exist in
nature. Rather, she may grow films by kinetic control: she deposits atoms in the order
that she wishes at a temperature at which there is sufficient surface diffusion to ensure
good crystallographic quality, but little enough bulk diffusion to “lock in” the metastable
structure of interest [161, 218]. With this power to control the structure and composi-
tion of the film, however, comes the responsibility for the grower to have extremely good
knowledge (calibration) of the atomic fluxes, such that the chosen deposition time sup-
plies the precise quantity of atoms desired. Such a quantity would be unit monolayers of
Sr(O) and Ti(O2) in the growth of SrTiO3, for example. Sources are generally deposited in
series. A cartoon of growth within this regime is shown in Figure 1.5(a).
Fluxes may be calibrated with great precision by monitoring the growing film surface
with RHEED [78]. This calibration process is can be very time-consuming, however, and
is made difficult by the fact that source fluxes may drift by 1% an hour [190], a significant
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rate of change considering that a growth rate of 30s per atomic layer (25 nm per hour)
is typical for oxide MBE, and films may be grown to be 300 nm or more, a growth time
of 12 hours at those rates. One approach that avoids some of the challenges of shuttered
growth is to grow within an adsorption-controlled growth regime, described in the next
section.
1.4.3 Adsorption-controlled growth
Within an adsorption-controlled growth regime, temperature and pressure conditions are
chosen such that the desired phase will be formed on the growing film surface and any
secondary phases will either not form or will not stick to the surface. The range of temper-
atures and pressures in which this occurs is known as the adsoprtion-controlled growth
window. This conditions of this window has been predicted from thermodynamics for a
number of compounds, such as PbTiO3 [53, 192], BiFeO3 [93], LuFe2O4 [31], and SrTiO3
(thought it was not grown under these conditions) [97]; the growth window may also be
found empirically. In practice there will also be a finite window in source flux, allowing a
grower to spend much less time with flux calibrations than would be necessary to grow
a film of comparable quality by shutter-control. Sources are generally codeposited (de-
posited in parallel) as this reduces growth time. A cartoon of growth within this regime
is shown in Figure 1.5(b).
For a multicomponent oxide that may be grown by adsorption-control, in the vicinity
of the growth window generally one element will display near-unity sticking and one
component will have sticking that depends strongly on oxidation state and/or surface
composition. For example, in the growth of PbTiO3, Ti0 readily oxidizes to TiIV and then
exhibits unity sticking as TiO2 [192]. On the other hand, Pb0 does not oxidize particu-
larly easily to PbII; and PbII in the form of PbO has a highly-variable volatility, such that
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Figure 1.5: Schematics of two growth regimes. On top is a cartoon of the elemental sources
either depositing atoms or being closed with a shutter. Deposited atoms form the surface
of the growing film. At middle and bottom are an illustrative plots of number of metal
oxide layers of various kinds deposited as a function of growth time, and open or closed
status of the three shutters. (a) Schematic of shutter-controlled growth of homoepitaxial
SrTiO3. Layers of Sr(O) and Ti(O2) are deposited in series. A typical growth temperature
is 800◦C. (b) Schematic of adsorption-controlled growth of heteroepitaxial PbTiO3 on a
SrTiO3 substrate. Lead, titanium, and oxidant are continuously codeposited. A typical
growth temperature for adsorption-controlled growth of PbTiO3 is 600◦C; adsorption-
controlled growth is highly sensitive to substrate temperature and chamber pressure.
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within the adsorption-controlled growth window, a molecule of PbO will only stick to the
growing film surface if that surface is terminated with TiO2 [192]. Pb0 has an extremely-
high volatility near the growth window of PbTiO3, and lead metal is not expected as an
impurity in films grown close to the growth window.
The thermodynamic picture of adsorption-controlled growth does not, by its nature,
consider the growth rate (kinetics). Thermodynamics describes the relative energies of
different chemicals and says nothing about the reaction path that might connect them.
In Chapter 3 I discuss the importance of oxidation kinetics to the growth of PbTiO3 and
BiFeO3 by adsorption control.
1.5 X-ray diffraction
Typical crystal structures have periodicity on the order of a few Å and x-rays are electro-
magnetic radiation with wavelength on the order of a few Å; thus, crystal structures may
diffract x-rays under suitable geometric conditions. The diffracted pattern (geometric
conditions under which the diffraction conditions are met) for a particular crystal struc-
ture and x-ray wavelength is distinctive to that crystal structure. For these reasons, x-ray
diffraction is an indispensable tool for both qualitative and quantitative analysis of con-
densed matter, especially crystalline structures [48].
1.5.1 X-ray scattering in real and reciprocal space (non-dynamic theory)
This section approximately follows section 3-5 in Cullity and Stock, 2001 [48].
The conditions for constructive interference, e.g. x-ray diffraction, are as follows.
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First, consider reflection of an x-ray beam from two separate real space lattice points
O and A, schematically depicted in Figure 1.6(a). The incident vector ~S 0 is reflected to
vector ~S ; the angle between the incident and diffracted beams is defined as 2θ. There will
be constructive interference between the reflected beams ~S reflected from O and from
A when the path difference for those reflected beams is an integer multiple of the x-ray
wavelength λ. For the vector connecting O and A, OA, this path length difference δ is
given by
δ = -OA · ( ~S 0 − ~S ). (1.8)
BecauseO and A are lattice points, OA is some integral linear combination of lattice vectors
~a1, ~a2, and ~a3,
OA = p~a1 + q~a2 + r ~a3, (1.9)
for integers p, q, and r.
We relate the diffraction condition to the reciprocal lattice in the following way. Let
S ≡ ~S 0 − ~S
λ
= h′ ~b1 + k′ ~b2 + l′ ~b3, (1.10)
for reciprocal lattice vectors ~b1, ~b2, and ~b3 and h′, k′, l′ as yet undefined numbers. The
reciprocal lattice vectors ~bi are defined as follows:
~b1 =
~a2 × ~a3
~a1 · ~a2 × ~a3 ;
~b2 =
~a3 × ~a1
~a1 · ~a2 × ~a3 ;
~b3 =
~a1 × ~a2
~a1 · ~a2 × ~a3 . (1.11)
Of particular importance to this derivation is the fact that for i , j, ~ai · ~b j = 0.
What can we say about h′, k′ and l′? Substituting in to Equation 1.8 the equation for
OA given by Equation 1.9 and the diffraction condition that δ = nλ for n an integer gives
nλ = −(p~a1 + q~a2 + r ~a3) · λ(h′ ~b1 + k′ ~b2 +′ ~b3) (1.12)
Because ~ai · ~b j = 0 for i , j, the above may be simplified to
n = ph′ + qk′ + rl′ (1.13)
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Figure 1.6: (a) Diffraction shown schematically on a real-space lattice, with reflection from
two lattice points O and A. (b) Reciprocal lattice representation of 10 diffraction.
where n is still an integer (the negative sign being dropped because the negative of an
integer is still an integer). Because p, q, and r are integers, for the above equality to be true
in general, h′, k′, and l′ must also be integers. By convention the primes are dropped when
h, k, and l are defined to be integers, and the scattering vectorS ≡ ( ~S 0−~S )/λ = h~b1+k ~b2+l~b3
connects two reciprocal lattice points.
The diffraction condition may be represented graphically with respect to the recipro-
cal lattice using the Ewald sphere, a sphere with radius 1/λ for λ the x-ray wavelength,
intersecting the origin of the reciprocal lattice. This construction is shown schematically
in Figure 1.6(b); for simplicity in representation on a sheet of paper, only a single plane
of the reciprocal lattice is shown, and the Ewald sphere appears like a circle. The points
in the reciprocal lattice besides the origin that sit on the Ewald sphere meet the diffrac-
tion condition, and may be measured when the angle between the incident and diffracted
beams is 2θ. The vectors in the reciprocal lattice are physically parallel to their coun-
terpart vectors in the real space lattice; as explained by Cullity and Stock, 2001 [48], “the
direction from the Ewald sphere center to the reciprocal lattice point hkl on the sphere is ~S
and defines the direction [in real space] along which the diffracted beam ~S hkl is observed.”
Different reciprocal lattice points are brought in to the diffraction condition by changing
the value of 2θ, the angle between ~S 0 and ~S . If multiple reciprocal lattice points sit on the
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Ewald sphere at the same time then they may both diffract simultaneously; this idea is
explored and evidence of this phenomenon presented in Chapter 4 of this dissertation.
The angles 2θ at which reflections are detected may be related to the corresponding
lattice plane spacing d by Bragg’s law:
λ = 2dsin(θ). (1.14)
For an orthorhombic crystal, d relates to the h, k, and l and lattice parameters a=|~a1|, b=|~a2|,
c=|~a3| as [48]:
1
d2
=
h2
a2
+
k2
b2
+
l2
c2
. (1.15)
The collection of angles 2θ as well as spatial orientations of a physical (single) crystal
(discussed in the next section) that meet the diffraction condition are directly related to
crystalline structure. The collection of such angles forms a “fingerprint” for the particular
crystal structure; the (near) uniqueness of a structure x-ray diffraction pattern is why x-
ray diffraction is such an essential and quintessential tool for structural characterization.
How these fingerprints are measured is discussed in the Section 1.5.3.
1.5.2 Hardware: x-ray generation, optics, and detectors
The diffraction experiments done in this dissertation were done using benchtop x-ray
diffractometers. X-rays were generated with rotating anode tubes, in which a few amps
of current are supplied through a hot cathode filament that is held at a few tens of kV
relative to the anode target, resulting in an emission current of a few tens of mA. The
anode target is water-cooled and continuously-rotated anode to prevent heat buildup
[48]. X-rays are generated when the high-voltage electrons strike the target. A schematic
of a sealed x-ray tube is shown in Figure 1.7(a), reproduced from Cullity and Stock [48];
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Figure 1.7: (a) Cross-section of sealed x-ray tube, reproduced from Figure 1-15 of Cullity
and Stock, 2001 [48]. (b) Scintillation detector, schematic, reproduced from Figure 6-21 of
Cullity and Stock, 2001 [48]. (c) Sealed proportional detector, schematic, reproduced from
Figure 6-17 of Cullity and Stock, 2001 [48].
a rotating-anode tube is similar, except, of course, the anode is continuously rotated to
constantly bring fresh, cooler target material into the electron beam.
The elemental composition of the target determines the wavelengths of x-rays emitted;
in this dissertation copper targets were used, emitting x-rays with wavelengths between
1.392 (the Kβ1,3 line) and 1.5406 (the Cu Kα1 line) [88]. The x-rays were monochromated
by diffracting the beam either twice or four times from germanium single crystals, to
select only the Cu Kα1 radiation.
The beam may be collimated with a soller, a collection of thin objects such as wires or
foils that block the divergent portions of the beam in the diffraction plane. This serves
the purpose of reducing error in 2θ measurements [67]. Slits may also be used to block
divergent portions of the beam in planes perpendicular to the soller slit planes. The beam
may also attenuated to reduce its intensity and not damage the detector through oversat-
uration.
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After the beam is diffracted by the sample, it may pass again through similar pieces of
optics as did the incident beam (soller, slits, attenuator, second monochromater). In the
diffraction experiments reported here, x-rays are detected by either a scintillation counter
in the Rigaku SmartLab [95] or a sealed proportional detector in the Panalytical X’Pert
PRO [154].
In the scintillation counter, x-rays first are converted to light via a NaI crystal doped
with a small amount of thallium. X-ray quanta excite an electron from the valence to
conduction band of NaI; some of this energy is transferred to a Tl+ ion, and that energy is
released as violet light. This light ejects electrons from a photocathode, and these electrons
are multiplied by dynodes until the signal from a single x-ray quantum is on the order of
a volt [48]. The process of converting a single x-ray photon into a large electronic signal
is shown in Figure 1.7(b), reproduced from Cullity and Stock, 2001 [48].
The sealed proportional counter, reproduced in Figure 1.7(c) from Cullity and Stock,
2001 [48], is a sealed cylinder of xenon and methane gas, with an x-ray transparent win-
dow at one end, a wire anode running the length of the cylinder, and the cathode cylinder
walls at roughly 1000 V relative to the anode [48, 154]. X-rays ionize the xenon atoms; the
electrons are attracted to the anode. The electric field is strong enough that these electrons
can also ionize other gas atoms along the way, amplifying the signal. The anode detects
the current pulse. The methane gas atoms serves as a “quenching gas” and neutralize the
ionized Xe+ [48, 154].
Neither the scintillation counter [95] nor the proportional detector have any spatial
resolution, meaning that to detect different lattice spacings (changes to 2θ) or crystallites
with different orientations in space, the sample and/or x-ray hardware must be moved.
Definitions of angles and distances that may be changed in a typical commercial thin-film
diffractometer such as a Rigaku SmartLab are shown in Figure 1.8. How those angles are
scanned to measure different qualities of the sample is described in Section 1.5.3.
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Figure 1.8: Angles controlled within thin-film x-ray diffraction. (a) χ and φ are controlled
by rotating the sample (possibly secured to the stage with tape), while 2θ and θ are con-
trolled by moving the tube and incident optics and/or the detector and receiving optics.
(b) Rx and Ry tilt the sample (maroon) relative to the stage (orange) to effectively allow φ
rotation to occur about an arbitrary angle relative to the sample normal. In this disserta-
tion Rx and Ry are adjusted so that the substrate (001) is perfectly normal to the φ rotation
axis. z adjusts the sample height so that samples of different thicknesses may be analyzed
on the same diffractometer. ω is defined in Figure 1.9.
1.5.3 X-ray diffraction for structural characterization
Symmetric 2θ scans are very appealing due to their simple experimental set-up. They
are used for verification of phase purity or identification of impurity phases. They have
limitations, however, in particular only measuring lattice spacing of planes parallel to the
sample surface [95]. Besides phase characterization with 2θ scans, x-ray diffraction can
be used to gather information about epitaxy (relative orientation of two different crys-
tal lattices in φ, in particular the orientation of the film lattice relative to the substrate
lattice), strain, and mosaicity (spatial distribution of the scattering vectors of symmetric
reflections).
A film that is mosaic will have a spatial distribution of crystallites (Figure 1.9(a)). Mo-
saicity is measured in x-ray diffraction through “rocking curve” scans, in which a par-
ticular value of 2θ is fixed and ω ≡ θ − 2θ/2 is varied (“rocked”) (Figure 1.9(b)). Misfit
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dislocations such as those that are created during strain relaxation [128, 205] will increase
mosaicity, as shown in Figure 1.9(c); comparing the full width at half-maximum intensity
(FWHM) of the film rocking curve relative to that of the substrate may be used to assess
whether a film has relaxed [42] and as a measure of film crystal quality [61, 121, 174].
Coexistence of a- and c-oriented domains in a ferroelectric such as PbTiO3 may also be
revealed in a rocking curve [61]; how a- and c-domains manifest through crystallite ori-
entation (mosaicity) is shown in Fig. 1.9(d-e), from Ref. [35].
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Figure 1.9: (a) Schematic illustration of mosaic crystallites. Each crystallite has the same
crystal structure as the other crystallites, but their spatial orientation is different relative
to the film normal. The scattering vector of a symmetric reflection is shown with an arrow
for each crystallite. (b) Schematic of how mosaicity is measured by holding 2θ constant
and rocking ω, to bring the scattering vectors of each crystallite into the diffraction con-
dition (highlighted). In this figure the tube and detector are held while the sample is
rocked, though in practice the sample is held fixed while the tube and detector are moved
together. (c) TEM/EELS image of a SrTiO3 film grown epitaxially on DyScO3 (110) [pseu-
docubic (001)]. The misfit dislocations increase mosaicity. White lines are a guide for the
eye. Angles mark atomic plane angles relative to substrate surface normal [1]. (d) TEM
of a film of PbTiO3 grown on DyScO3 showing the different orientations of the lattice in
a domains (outset I) and c domains (outset II). (e) Map of out-of-plane strain (color) and
electric polarization (vectors) in the film shown in (d). Electric polarization is intimately
linked with crystallite orientation in PbTiO3, with polarization strongly favored along the
c axis. (d) and (e) are from Catalan et al, 2011 [35].
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Figure 1.10: Illustration of the difference between (a) a fiber-textured film and (b) an epi-
taxial film. Both films are platinum grown on (100) silicon. From Schlom [172]; I added
the φ rotation axis label.
A scan about the azimuthal angle φ gives information on the orientation of crystallites
in the in-plane direction. If the film has a defined (rather than random) crystallographic
orientation with respect to the substrate crystal lattice, then the film is considered to be
epitaxial. An illustration [172] of the difference between a fiber-textured film and an epi-
taxial film is shown in Figure 1.10; note that both films will appear the same in a symmet-
ric 2θ scan. The geometry of performing a φ scan, using the SrTiO3 101 reflection as an
example, is shown and described in Figure 1.11.
1.6 Arrangement of materials in this thesis
The specific arrangement of this dissertation are as follows:
Chapter 2 This chapter describes the structural chemistry of CsPbF3, the only experi-
mentally synthesized ABF3 fluoride perovskite with a polar ground state. We use CsPbF3
(tolerance factor: 0.94) as a guide in our search for rules to rationally design new ABX3
polar fluorides and halides from first principles and as a model compound to study the
interactions of lone pairs, octahedral rotations, and A- and B-site driven ferroelectricity.
We find that the lone pair cation on the B-site serves to stabilize a polar ground state,
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Figure 1.11: Schematics of how samples are aligned in 2θ and χ to measure reflections of
cubic SrTiO3. (a) The symmetric 001 reflection; (b) the 101 reflection; (c)-(e) a φ scan of
the 101 reflection. (a) and (b) are viewed normal to the diffraction plane while (c)-(e) are
viewed down the azimuthal direction. Intensity of the 101 reflection is only measured
when 2θ, χ, and φ are all aligned, while the symmetric 001 reflection may be measured
with no special φ alignment. 2θ and χ can be calculated a priori but the sample must be
scanned to find the proper φ angle. In the example of measuring the 101 reflection of
SrTiO3, χ is 45◦ because that is the angle between the substrate normal direction [001] and
the [101] direction.
31
analogous to the role of lone pair cations on the A-site of oxide perovskites. However,
we also find that the lone pair determines the pattern of non-polar structural distortions
– rotations of the PbF6 octahedra – that characterize the lowest energy structure. This
result is surprising since rotations are typically associated with bonding preferences of
the A-site cation (here Cs+), whereas the Pb2+ cation occupies the B-site. We show that
the coordination requirements of the A-site cation and the stereoactivity of the B-site lone
pair cation compete or cooperate via the anionic displacements that accompany polar dis-
tortions. We consider the generalizability of our findings for CsPbF3 and how they may
be extended to the oxide perovskites as well as to the organic-inorganic hybrid halide
perovskite photovoltaics.
Chapter 3 In this chapter we report the growth of PbTiO3 thin films by molecular-beam
epitaxy utilizing continuous codeposition. Contrary to what would be expected from
thermodynamics, whether the resulting film is single-phase PbTiO3 or not at a particular
temperature depends on the incident fluxes of all species, including titanium. We develop
a theory of kinetics of lead oxidation on the growing film surface and find that it explains
the manner in which the adsorption-controlled growth window of PbTiO3 depends on
lead flux, oxidant flux, and titanium flux. We successfully apply the kinetic theory to the
dependence of the growth of BiFeO3 on oxidant type and surmise that the theory may be
generally applicable to the adsorption-controlled growth of complex oxides by MBE.
Chapter 4 This chapter describes double-diffraction in thin films. We have observed
in symmetric θ-2θ scans of phase-pure thin films grown on single-crystal substrates peaks
that correspond to neither the film nor the substrate crystal structure. We argue here that
these peaks are the result of multiple, sequential diffraction events that occur from both
the film and substrate. The occurrence of so-called “hybrid” reflections, while described
in the literature, is not widely reported within the thin-film community. We describe
here a simple method to predict and identify peaks resulting from hybrid reflections. To
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demonstrate the use of these methods, as well as to argue that hybrid reflections may be
widespread in thin epitaxial films, we give four examples in which we have identified
such reflections from our own samples.
Chapter 5 This chapter summarizes the conclusions from this dissertation and
presents possible future directions for work.
1.7 Contributions
Chapter 2 In this chapter, CsPbF3 was studied using density-functional theory. I designed
experiments, performed simulations, constructed arguments, and was the primary writer
of the manuscript. Nicole had the original idea to investigate ferroelectricity in CsPbF3
and gave guidance on the science and presentation of the manuscript. Craig oversaw the
project and offered guidance at all stages.
Chapter 3 In this chapter, PbTiO3 and BiFeO3 were grown by MBE and a theory for
oxidation kinetics described. I grew the PbTiO3 films, formulated the kinetic theory, and
was the primary writer of the manuscript. Jon Ihlefeld grew the BiFeO3 films, contributed
to discussions of oxidation kinetics, wrote portions of the manuscript, and gave guidance
on the science and presentation of the manuscript. Hanjong and Yuefeng taught me how
to grow PbTiO3 and had taught me that growth rate (kinetics) were very important in this
system. Carolina helped Jon with growing BiFeO3. Tassilo was heavily involved with
designing and building the ozone distillation system for the BiFeO3 and PbTiO3 growths.
Zi-Kui performed thermodynamic calculations for the growth window of BiFeO3. Darrell
oversaw the project, was actively involved in improving the science and presentation,
and offered guidance at all stages.
Chapter 4 In this chapter, thin films of several materials were analyzed by x-ray
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diffraction. I designed and performed the x-ray diffraction experiments, analyzed and
contextualized the data, and was the primary writer of the manuscript. Phil grew the
La2NiO4 film. Natalie grew the Sr2BaTi2O7 film and offered feedback on the manuscript.
Darrell oversaw the project, was actively involved in improving the science and presen-
tation, and offered guidance at all stages.
Chapter 5 In this chapter I summarize the conclusions from this dissertation and
present possible future directions for work, including ongoing projects not otherwise de-
scribed in this dissertation. I was the primary writer of this chapter.
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CHAPTER 2
INTERPLAY OF OCTAHEDRAL ROTATIONS AND LONE PAIR
FERROELECTRICITY IN CsPbF3
Adapted slightly with permission from: Smith, Eva H.; Benedek, Nicole A.; and Fen-
nie, Craig J. Inorg. Chem., 2015, 54 (17), pp 8536-8543. Copyright 2015 American Chemical
Society.
2.1 Abstract
CsPbF3 is the only experimentally synthesized ABF3 fluoride perovskite with a polar
ground state. We use CsPbF3 as a guide in our search for rules to rationally design new
ABX3 polar fluorides and halides from first principles and as a model compound to study
the interactions of lone pairs, octahedral rotations, and A- and B-site driven ferroelectric-
ity. We find that the lone pair cation on the B-site serves to stabilize a polar ground state,
analogous to the role of lone pair cations on the A-site of oxide perovskites. However,
we also find that the lone pair determines the pattern of non-polar structural distortions
– rotations of the PbF6 octahedra – that characterize the lowest energy structure. This
result is remarkable since rotations are typically associated with bonding preferences of
the A-site cation (here Cs+), whereas the Pb2+ cation occupies the B site. We show that
the coordination requirements of the A-site cation and the stereoactivity of the B-site lone
pair cation compete or cooperate via the anionic displacements that accompany polar dis-
tortions. We consider the generalizability of our findings for CsPbF3 and how they may
be extended to the oxide perovskites as well as to the organic-inorganic hybrid halide
perovskite photovoltaics.
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2.2 Introduction
While a great body of research has been devoted to the study of and search for design
principles for polar and ferroelectric oxide perovskites, polar or ferroelectric fluoride per-
ovskites have not received nearly as much attention. There are about 120 combinations of
monoatomic cations A+ and B2+ that, if combined with F− in stoichiometry ABF3, would
exhibit Goldschmidt tolerance factors [72] between 0.76 and 1.13, the criterion for stability
for fluoride perovskites [14]. Between the Inorganic Crystal Structure Database [59] and
the Landolt-Bo¨rnstein tables [6] we located structural reports for nearly 70 stoichiometric
ABF3 perovskites. The great majority of these reports are for experimentally synthesized
structures characterized at room temperature. Computational and low-temperature re-
ports are scarce.
CsPbF3 (tolerance factor, t: 0.94) is the only ABF3 perovskite experimentally observed
to form in a polar structure and is one of few inorganic ABX3 perovskites with a lone-pair
cation (here Pb2+) on the B-site. Rather than being merely a curiosity, on the contrary
this positions CsPbF3 as a bridge between the the extensive inorganic (mostly oxide) per-
ovskite literature, and the rapidly-growing field of hybrid organic-inorganic halide per-
ovskite photovoltaics in which the A-site cation is a small organic molecule, the B-site
cation is most often Pb2+ but occasionally another 2+ lone-pair cation, and the anions are
halides [73, 108, 118]. Because of the great technological importance of the oxide per-
ovskites and of the hybrid perovskite photovoltaics, we use our findings for CsPbF3 to
shed light on both families of materials.
The low-temperature polar R3c phase (space group #161) of CsPbF3 is reached by a
discontinuous transition at 186 K from the high-temperature Pm3¯m (space group #221)
cubic perovskite structure [23]. The R3c structure is obtained from Pm3¯m by a rota-
tion of the PbF6 octahedra about the [111] axis with respect to the cubic perovskite cell
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(Glazer tilt pattern [71] a−a−a−) followed by polar displacements along the same axis.
It is surprising that CsPbF3 adopts a rhombohedral structure because extensive crystal
chemical studies of oxides have shown that the stability of the rhombohedral distortion
depends on the crystal Madelung energy [215] and therefore decreases as the charge of
the A-site cation decreases. In addition, although first-principles and lattice energy cal-
culations have shown that the Glazer tilt patterns a−b+a−(leading to space group Pnma,
#62) and a−a−a− (leading to space group R3¯c, #167) are energetically comparable in most
perovskites, repulsive anion-anion interactions in a−a−a− increase as the tilting angle in-
creases [195, 215]. Given these observations, an ABF3 perovskite with a monovalent A-site
cation would not be expected to adopt a rhombohedral structure. Indeed, Berastegui
and co-workers [23] noted that of the perovskite fluorides reported in the ICSD, none
except CsPbF3 are rhombohedral. The fact that CsPbF3 is polar is also somewhat surpris-
ing, since the greater ionicity of the fluoride bond [14] (compared to oxides) is generally
thought [68] to disfavor the acentric displacements required for ferroelectricity.
We have used first-principles calculations and simple crystal chemical models to
demonstrate that the Pb2+ lone pair of polar fluoride perovskite CsPbF3 is responsible
for both the ferroelectricity and particular octahedral rotation pattern of its lowest energy
structure. The Pb2+ cation occupies the B-site, while octahedral rotations primarily af-
fect the A-site coordination polyhedron; we consider the mechanisms by which the two
cationic sites influence each other. We demonstrate that localization of the Pb2+ lone pair
requires significant anionic displacements, which also modify the A-site environment.
Whether these modifications are favorable or unfavorable depends strongly on octahedral
rotation pattern; unfavorable interactions suppress lone pair localization, while favorable
interactions characterize the lowest energy structure. Our work thus demonstrates the
mechanism by which cationic lone pairs may influence both polar and non-polar struc-
tural distortions, as well as how the interplay between the chemistries of the A and B
cations gives rise to the ground state.
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2.3 Computational methods
Calculations were performed using the PBEsol functional [156] as implemented in the Vi-
enna ab initio Simulation Package (VASP) [111, 112], with a plane wave cutoff of 600 eV
and a 5 × 5 × 5 Γ-centered k-point mesh. Lattice dynamical properties (phonon modes
and frequencies) were calculated using Density Functional Perturbation Theory [17, 66],
and phonon frequencies were converged to within 5 cm−1 with respect to energy cut-
off and k-point mesh. Relaxations were considered complete when residual forces on
all atoms were less than 0.25 meV/Å. PAW potentials supplied by the VASP package
[113] were used, with the following valence states. Cs: 5s25p66s1; Sr: 4s24p65s2; Pb:
5d106s26p2; F: 2s22p5. Tolerance factors and bond valences were calculated using Brese
and O’Keeffe’s bond valence parameters [29] assuming a 12-coordinate A-site cation and
a 6-coordinate B-site cation unless otherwise noted. The b value of 0.37 typically used in
the literature was used throughout. Our crystallographic analyses were performed using
the ISOTROPY package [186] and the AMPLIMODES program of the Bilbao Crystallo-
graphic Server [10, 11, 12, 151, 157]. Wannier90 [142] was used to find the orbital-projected
densities of states [109] starting from a high-accuracy electronic structure calculated with
VASP. For density of states calculations, a 12×12×12 k-point mesh was used. Crystal
structures were visualized using VESTA [135]. Software version information is given in
the Supplementary Information.
All Miller indices are with respect to the cubic perovskite cell. We use the terms “fer-
roelectric” and “ferroelectricity” to refer a polar structure within a family of symmetry-
equivalent structures with equal polarization magnitude but different polarization di-
rections. When multiple settings of a space group are allowed, we give the International
notation symbol corresponding to a unique b axis. LO-TO splitting of zone-center phonon
mode frequencies is found using Phonopy [199].
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CsPbF3 CsSrF3
Irrep ω, cm−1 ω, cm−1 Description
Γ−4 i60, i58 25, 73 Polar mode
Γ−5 i33 61 Antipolar F motion
M+3 i76 i52
In-phase
octahedral rotation
M−5 i45 13 Antipolar Pb motion
R+4 i79 i58
Out-of-phase
octahedral rotation
X−5 i38 47 Antipolar F motion
Table 2.1: Comparison of phonon modes for CsPbF3 and CsSrF3 in the fully relaxed cubic
perovskite structure (space group Pm3¯m). Modes with imaginary frequencies indicate
structural instabilities. All unstable modes for both compounds are listed. In CsSrF3, the
softest LO and softest TO Γ−4 phonon frequencies are given. The two types of octahedral
rotations are illustrated in Figure 2.1. Phonon band structures and phonon densities of
states for CsPbF3 and CsSrF3 are given in the Supplementary Information, Figure 2.7.
2.4 Results and discussion
2.4.1 Influence of the lone pair in the structural distortions and ground
state of CsPbF3 compared to CsSrF3
Stereoactive cationic lone pairs drive ferroelectricity in a number of perovskite oxides (e.g.
PbTiO3, BiFeO3) but are not localized in others (e.g. PbCrO3 [168], BiScO3 [19], BiGaO3
[20]). To elucidate the role of the Pb2+ lone pair in the ferroelectricity of CsPbF3, we com-
pare CsPbF3 to CsSrF3; Sr2+ has almost the same ionic radius (1.18 Å) as Pb2+ (1.19 Å)
[179] in octahedral coordination, but no lone pair. Table 2.1 shows that whereas CsPbF3
is unstable to both polar distortions and octahedral rotations, CsSrF3 is only unstable to
octahedral rotations and has no polar instability, indicating that ferroelectricity in CsPbF3
is driven by the Pb2+ lone pair. We find that the lowest energy structure of CsSrF3 is Pnma
(established by a combination of rotation distortions transforming like the irreducible rep-
resentations [irreps] M+3 and R
+
4 , bottom right corner of Figure 2.1), consistent with what
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Figure 2.1: Illustration of “in-phase” (irrep M+3 , top right) and “out-of-phase” (irrep R
+
4 ,
top left) octahedral rotations about the [001] axis acting on the Pm3¯m aristotype (top cen-
ter), as well as illustration of how rotations about multiple axes modify the structure
(bottom row). Magnitudes a, b, and c are chosen arbitrarily for structures shown. Axes
are with respect to the cubic aristotype unit cell, hereafter referred to as the pseudocubic
unit cell. A-site cations are shown as red spheres and B-site cations sit in the centers of the
yellow anion octahedra.
one would expect [125] for an oxide perovskite of the same tolerance factor (0.95).
In contrast to CsSrF3, we find that the ground state structure of CsPbF3 is R3c, in agree-
ment with the reported experimental low-temperature structure [23]. The reported and
as-calculated R3c structures are compared in the Supplementary Information, Table 2.3,
with good agreement. Interestingly, although Table 2.1 shows that the octahedral rotation
instabilities (M+3 and R
+
4 ) are present in both materials, CsPbF3 adopts a structure with
the a−a−a− tilt pattern, which is associated with R+4 only. As Figure 2.2 shows, R3c and
Pnma structures are in close energetic competition in CsPbF3, as is the case in many oxide
perovskites. How does the lone pair mediate the competition among different octahedral
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rotation patterns and between polar and non-polar structures to make R3c the ground
state of CsPbF3? Why does the (polar) ground state of CsPbF3 exhibit the a−a−a− rotation
pattern rather than the much more common a−b+a−?
2.4.2 Lone pair stereoactivity is not sensitive to octahedral rotation pat-
tern
Since the ferroelectricity of CsPbF3 appears to be driven by the stereoactivity of the Pb2+
lone pair, we compare the lone pair stereoactivity in structures with the a−a−a− and a−b+a−
rotation patterns. We define stereoactivity as the chemical tendency (described below) of
a lone-pair cation to undergo an inversion-breaking distortion (lone pair localization),
while lone pair-driven ferroelectricity describes whether such a distortion is energetically
favorable.
The stereoactivity of the Pb2+ lone pair is the result of mixing of the formally empty
Pb 6p orbital with the Pb 6s-F 2p σ∗ orbital [207, 208]. Such mixing requires both spatial
overlap and energetic proximity between the Pb 6p and the σ∗ orbitals. The Pb 6p and
6s orbitals are both localized about the Pb2+ cation; thus, the degree of spatial overlap
between the Pb 6p and the σ∗ orbitals is dependent upon the amount of Pb 6s character
in the σ∗ orbital. The σ∗ orbital sits at the top of the valence band of CsPbF3, while the
bottom of the conduction band is primarily Pb 6p. Thus, the energetic proximity between
these orbitals is described by the bandgap. Octahedral rotation patterns or other distor-
tions that increase the Pb 6s character in the σ∗ orbital and decrease the bandgap would
enhance lone pair stereoactivity.
While only the R+4 and M
+
3 octahedral rotation modes are necessary to establish the
Pnma symmetry, three other secondary modes are allowed by that symmetry as well. The
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X+5 mode, corresponding to antipolar A-site motion, is one such mode and the one that in
oxide perovskites is typically the largest in magnitude after the R+4 and M
+
3 modes [21].
Because of the known role of the X+5 mode in suppressing the ferroelectric instability in
Pnma perovskites [21], we consider both the fully-relaxed Pnma structure and Pnma with
antipolar displacements manually removed [5]. We refer to this artificially-constructed
structure as aPnma, in which the “a” stands for “antipolar displacement-free,” and the
fully-relaxed structure as rPnma.
We examine the densities of states of CsPbF3 in the R3¯c, aPnma, and rPnma structures
to determine how their different octahedral rotation patterns and antipolar displacements
affect the lone pair stereoactivity, and find no qualitative differences (see Figure 2.8, Sup-
plementary Information). In particular, among these three structures there is no qualita-
tive difference in the amount of Pb 6s character in the σ∗ orbital, indicating comparable
Pb 6p-σ∗ spatial overlap; nor is there a qualitative difference in the bandgap, indicating
comparable Pb 6p-σ∗ energetic proximity. Hence, the chemical stereoactivity of the Pb2+
lone pair is not sensitive to the octahedral rotation pattern or to antipolar displacements
in these non-polar space groups.
2.4.3 A-site coordination can be optimized by polar displacements in
structures with R3¯c but not Pnma symmetry
Although the ferroelectricity in CsPbF3 is driven by the Pb2+ lone pair, the Cs+ cation plays
a significant role in the crystal chemistry of this compound. As Table 2.2 shows, Cs makes
a larger contribution than Pb to the ferroelectric eigenvector of Pm3¯m, aPnma, rPnma, and
R3¯c CsPbF3. What role does the Cs+ cation play in the ferroelectricity of CsPbF3 and in
determining the octahedral rotation pattern?
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Pm3¯m R3¯c aPnma rPnma
Cs 0.4103 0.2366 0.4851 0.1414
Pb 0.1381 0.1296 0.2763 0.0296
F‖ 0.3592 0.3781 0.5564 0.3105
F⊥ -0.5846 -0.6262 -0.4352 -0.6644
Table 2.2: Normalized decomposition of the softest polar force constant matrix eigenmode
of various CsPbF3 structures. Anionic displacements are labelled as either parallel (F‖) or
perpendicular (F⊥) to the Pb-F bond.
To test whether the antipolar displacements present in rPnma are responsible for sup-
pressing ferroelectricity in this structure, we calculated the frequency of the polar modes
in aPnma. In agreement with the results of Benedek and Fennie [21], removing antipolar
displacements does restore ferroelectricity, but the frequency of the polar mode in aPnma
(i17 cm−1) is much harder than in R3¯c (i58 cm−1). Both polar modes, however, are as-
sociated with lone pair localization: a localized Pb2+ lone pair is visible in the electron
densities of polar subgroups of both R3¯c and aPnma (shown in Figure 2.2).
Figure 2.2 further shows that if we freeze in the polar eigenmode of aPnma to form
a structure of space group P21ma (#26), the structure is stabilized by only 1.0 meV. This
is substantially less than the amount that R3¯c is stabilized by its own polar mode (8.0
meV) and also less than the energy difference between rPnma and fully-relaxed R3c (1.6
meV). Even if the antipolar displacements of rPnma had no effect on its ferroelectricity,
R3c would still be lower in energy than a polar subgroup of Pnma. Hence, the hardening
effect of A-site antipolar displacements is not sufficient to explain why the ground state
of CsPbF3 is a polar subgroup of R3¯c rather than of Pnma. As we will see however, A-site
coordination preferences do play an important role both in the ferroelectricity of CsPbF3
and in determining its ground state octahedral rotation pattern.
We use the bond valence model [32, 33] to explore the Cs coordination in various
structures. Brese and O’Keeffe [29] give a bond valence parameter RCs-F of 2.33±0.02 Å
for a Cs-F bond. This is an empirical value calculated through averaging over many
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Figure 2.2: Stabilization per CsPbF3 stoichiometric unit of structures with the a−b+a−
and a−a−a− rotation patterns by polar and antipolar A-site displacements. Electron den-
sity maps are of the band corresponding to the σ∗ orbital, spatially projected about the
Pb2+ cation and cut in cross-section. Red corresponds to areas of greatest electron den-
sity. “A.P.” denotes any and all antipolar displacement patterns that are commensu-
rate with the space group produced by a given rotation pattern. Bold outlines indicate
dynamically-stable structures, thin solid outlines metastable structures, and dashed lines
“frozen” structures that are not stable under internal relaxations. For both electron den-
sity maps, the polar mode is frozen in at an amplitude of 0.06a per formula unit, where
a is the Pm3¯m lattice constant. All irreducible representations are with respect to a Pm3¯m
basis.
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structures. Because fully-relaxed Pnma optimizes the A-site cation environment, we use
it as a guide to adjust RCs-F for CsPbF3 such that Cs in rPnma has a bond valence sum of
+1.000, its nominal value. We find that an appropriate value of RCs-F is 2.3505 Å.
By tracking changes to the Cs bond valence sum as the softest polar modes of R3¯c,
aPnma, and rPnma are frozen in at increasing magnitude, we compare how well a po-
lar mode optimizes the A-site coordination environment in these different space groups.
Figure 2.3 shows that for all structures considered, the polar mode increases the Cs bond
valence sum. The polar mode of R3¯c brings the Cs bond valence sum closer to unity. How-
ever, the bond valence sums of non-polar rPnma and aPnma are already at or above unity,
and the increase results in overcoordination of the A-site cation. While by our definition
and construction the Cs coordination of rPnma cannot be improved by any distortion,
the same cannot be said for that in aPnma. The X+5 and other antipolar modes found in
rPnma move the Cs+ cations to improve their coordination. Why can the antipolar modes
improve the Cs bond valence sum of aPnma, but a polar mode does not?
Woodward [215] describes in detail the crystal chemistry of the antipolar cationic dis-
placements that stabilize the A-site cation coordination environment in Pnma. As octa-
hedral rotations become large, the bonds between the A-site cation and its three anionic
nearest neighbors become too short. To lengthen these bonds and stabilize the structure,
the A-site cation shifts away from them, along the black vector shown in Figure 2.4a (re-
produced with permission from Woodward [215]). The spatial arrangement of the CsF3
units in aPnma CsPbF3, as well as the three shortest Cs-F bond lengths, is shown in Figure
2.4b.
Due to the symmetry of space group Pnma, each CsF3 polyhedron is inverted rela-
tive to its neighbors along the pseudocubic [010] axis (the axis about which the in-phase
octahedral rotations have occurred), inverting these displacement vectors as well. The
resulting globally-antipolar displacement pattern optimizes the bonding environment of
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Figure 2.3: Cs bond valence sum for subgroups of CsPbF3 calculated using our modified
RCs-F value of 2.3505 Å. Use of Brese’s RCs-F of 2.33 instead would cause a nearly-static
shift to slightly lower values (0.898 for non-polar R3¯c, 0.946 for non-polar rPnma, 0.956
for non-polar aPnma). The polar subgroup of aPnma, P21ma, has two inequivalent Cs+
cations, whose bond valences are plotted individually and which are labeled by Wyckoff
position in P21ma; all other non-polar parent structures and polar subgroups have just one
unique Cs+ site. Stars indicate the frozen polar structure with the lowest energy for each
subgroup. Polar displacement magnitudes are given with respect to the lattice constant
of Pm3¯m per formula unit. Curves are to guide the eye. The polar subgroup of the rPnma
structure is Pn21a, #33.
all A-site cations in the crystal simultaneously, as shown in Figure 2.4c. A globally-polar
(ferroelectric) displacement pattern, on the other hand, breaks the symmetry of the CsF3
units. Figure 2.4d shows the change to the CsF3 units and the Cs-F bond lengths when
the softest polar mode of aPnma is frozen in, to give a structure of space group P21ma,
along with the displacement vectors taken by each Cs+ cation. In half of the CsF3 units of
P21ma the Cs-F bonds are longer than in aPnma; in the other CsF3 units of P21ma the Cs-F
bonds have been shortened! As the Cs displacements are driven by the need to lengthen
the bonds of the CsF3 units, it is easy to see why such a polar displacement pattern is less
favorable than the antipolar one.
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Figure 2.4: A-site coordination environments in CsPbF3. Cs+ or the A-site cations are
shown as large black spheres throughout. In parts b-d the F− are shown as light gray
spheres and polar or antipolar displacements taken by the Cs+ cations relative to the an-
ion sublattice as white arrows. Bond lengths given for the three shortest Cs-F bonds. a)
The A-site cation and the bonds to its three nearest neighbor anions in a structure with
Pnma symmetry, with the optimal cationic displacement vector shown as a black arrow.
Reproduced from Woodward [215] with permission of the International Union of Crys-
tallography: http://dx.doi.org/10.1107/S0108768196012050. b) The CsF3 units of aPnma
CsPbF3. c) The CsF3 units of rPnma CsPbF3. d) The CsF3 units of aPnma CsPbF3 with its
softest polar phonon mode frozen in giving space group P21ma.
We now turn from space group Pnma to R3¯c. Unlike in aPnma, the A-site of R3¯c is
undercoordinated, not overcoordinated (as seen in Figure 2.3). The A-site cation of R3¯c
sits in a 3+6 coordinate environment, with the 3 short bonds co-planar with the A cation.
The displacements that transform R3¯c to R3c lengthen the 3 shortest A-X bonds while
shortening 3 of the other 6 by moving the A cation along the pseudocubic [111] axis (the
axis about which the octahedra have rotated) [21]. Based on the site symmetry of the
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A-site in R3¯c, displacements of a given A-site cation in either the [111] direction or the
antiparallel [1¯1¯1¯] direction are equivalent by symmetry. Thus, moving the A-site cations
in a globally-parallel pattern has the same effect on their local environments as moving
them in an antiparallel one. As a result of R3¯c symmetry, unlike in Pnma, displacing all A-site
cations of R3¯c in parallel can optimize all the A-site coordination environments simultaneously.
Our findings are consistent with previous work regarding the stabilization of polar
subgroups of Pnma perovskites using biaxial tensile strain. In both CaTiO3 [56] and
CaMnO3 [25], +2% biaxial strain in the pseudocubic (010) plane (normal to the M+3 ro-
tation axis) softens polar phonon modes of Pnma and stabilizes a polar subgroup. For
both compounds the stabilized polarization vector lies in the (010) plane; in CaTiO3 po-
larization in the pseudocubic [101¯] direction (resulting in subgroup Pnm21, #31) is slightly
more favorable than in the [101] (resulting in subgroup P21ma, the same as the polar
subgroup of aPnma CsPbF3), through structures with polarization in either direction are
dynamically-stable. Bhattacharjee and co-workers [25] comment that tensile strain “pro-
vides more space for the ferroelectric distortion” – in concord with our finding that over-
coordination of the A-site cation by polar distortions is responsible for the disfavoring of
polar instabilities in Pnma.
2.4.4 Anionic displacements mediate the interaction between B-site
lone pair-driven ferroelectricity and A-site coordination environ-
ment
We now address how the A-site bonding preferences, which disfavor polar phonon in-
stabilities, suppress the B-site lone pair-driven ferroelectricity in Pnma CsPbF3. Histori-
cally, ferroelectric distortions in perovskites have been described as polar displacements
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of the cations against rigid anion octahedra [122]. However, it is now appreciated that
distortions of the anion octahedra, in addition to cationic displacements, are important
[69, 74, 116].
We refer back to Table 2.2 for the contribution of anionic displacements to the polar
force constant matrix eigenvectors of CsPbF3 in structures with R3¯c and Pnma symmetry,
the latter both with and without antipolar displacements. In all three structures the an-
ionic displacements are large. As seen in the inset of Figure 2.5, the polar eigenvectors
of these structures distort the PbF6 octahedra substantially, which will have the effect of
changing not just the B-site environment but the A-site one as well.
We compare in Figure 2.5 how the energy of R3¯c, aPnma, and rPnma evolves when
freezing in to each structure its complete softest polar eigenvector, to how the energy
evolves when the anionic displacements are suppressed. We give the displacement mag-
nitude of the complete eigenvector with respect to the Pm3¯m lattice constant per formula
unit. Freezing in the complete eigenvectors of R3¯c and aPnma lowers the energy of both
structures. However, when anionic displacements are suppressed, the energy of both
structures instead increases monotonically. (The softest polar eigenvector of rPnma has
a positive force constant, so even the complete eigenvector increases the energy when
frozen in.)
As shown in Figure 2.10 (see Supplementary Information), anionic displacements in-
crease the mixing of the Pb 6p with the Pb 6s-F 2p σ∗ orbital, and thus lone pair stereoac-
tivity. Furthermore, structures in the polar subgroups of R3¯c, aPnma, and rPnma all exhibit
more Pb s in the conduction band and more Pb p in the valence band when the anionic
displacements are present. Hence, the stereoactivity of the lone pair is sensitive to the
anionic displacements that accompany the polar distortion. This is in contrast to its in-
sensitivity, shown earlier, to the anionic displacements that characterize the octahedral
rotation patterns of non-polar R3¯c, aPnma, and rPnma. Anionic displacements, which mod-
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Figure 2.5: Variation of the total energy per formula unit with increasing polar displace-
ment amplitude. Polar structures with F motion are made by freezing in the softest polar
force constant matrix eigenvector of the relevant structure at the given magnitude times
the Pm3¯m lattice constant per formula unit. Polar structures without F motion are made
in the same way but with the anionic displacements from the non-polar structure set to
zero. Displacement vectors are not renormalized after F motion is removed. Lines be-
tween points serve as a guide for the eye. Results are qualitatively the same for polar
distortions of Pm3¯m (see Supplementary Information Figure 2.9). Inset: manner in which
the softest polar force constant matrix eigenvectors distort the PbF6 octahedra. Octahedra
are oriented such that motion of the Cs+ cations (not shown) is towards the top of the
page.
ify both the A- and the B-site environments, are essential to lone pair-driven ferroelectricity in
CsPbF3.
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2.4.5 Lone pair-localizing modes favor polar rather than antipolar dis-
placement patterns
Localization of the Pb2+ lone pair requires breaking local inversion symmetry about the
B-site. This may occur as part of a global displacement pattern that is either polar or
antipolar in nature. Corner connectivity of the PbF6 octahedra dictates that as the oc-
tahedra distort with an inversion-breaking distortion in space group R3c, all B-site dis-
placements will occur in parallel rather than in antiparallel [196]. As we show below,
the same requirement of connectivity of the BX6 octahedra also requires parallel rather
than antiparallel B-site displacements along the pseudocubic [101] direction, the direc-
tion of the softest polar mode of aPnma as well as of the antipolar displacements found in
rPnma. Thus the structural preference for antipolar A-site displacements resulting from
the a−b+a− rotation pattern are in direct competition with the B-site-driven ferroelectricity.
The most pronounced structural change to the PbF6 octahedra when distorted by the
polar mode of aPnma, as seen in the inset to Figure 2.5, is the elongation of one F-F edge
and the shortening of the opposite edge. Figure 2.6a gives a simplified picture of how
such a polar mode changes these F-F bond lengths, using a Pm3¯m parent structure for vi-
sual clarity. The resulting octahedral shapes, greatly exaggerated to emphasize the effects
of these distortions, is shown in Figure 2.6b, as well as the orientation of the Pb2+ lone
pairs that would localize as a result of such a distortion.
As we showed in the previous section, these anionic displacements are necessary for
stabilization of polar structures and substantially enhance the orbital mixing associated
with lone pair stereoactivity. The octahedral distortion pattern schematized in Figure 2.6
results in a polar arrangement of localized Pb2+ lone pairs. To flip half of the Pb2+ lone pair
orientations and create a globally-antipolar lone pair pattern, the local Pb2+ coordination
environments, i.e. the associated PbF6 octahedra, would have to be flipped as well. Such
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a) b) 
[101] 
[101] 
Figure 2.6: A schematic representation of a) how polarization along the [101] direction
would move the F− anions in Pm3¯m, and b) the resulting distortions of the PbF6 octahedra.
For visual clarity, no octahedral rotations are present, F− anions are only moved along the
[101¯] direction, Pb2+ cations are not moved at all, and Cs+ cations are not shown. Pb2+ are
represented as large, black spheres, F− as small, light gray spheres, Pb-F bonds as thick
rods, F-F edges as thin lines, and localized Pb2+ lone pairs as pale gray ovals.
an arrangement would destroy the corner connectivity of the PbF6 octahedra. Thus, not
only to do anionic displacements mediate the interaction between the B-site lone pair-
driven ferroelectricity of CsPbF3 and the octahedral rotation pattern, but they also account
for the polar, rather than antipolar, arrangement of the localized Pb2+ lone pairs in the
ground state of CsPbF3.
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2.4.6 Implications for inorganic ABX3 ferroelectrics, oxide perovskites,
and hybrid perovskite photovoltaics
The Pb2+ lone pair cation stabilizes the ferroelectric ground state of CsPbF3, just as A-
site lone-pair cations may stabilize ferroelectric ground states in oxide perovskites. We
showed in the previous section that B-site lone-pair cations will prefer to localize in a
parallel arrangement, resulting in a global polarization. We therefore recommend the
investigation of other ABX3 compounds with B=Ge, Sn, Pb as potential ferroelectrics.
While CsPbF3 is the only experimentally verified polar ABF3 perovskite that we
were able to locate in the literature, there are a few other polar ABX3 perovskites with
monoatomic, non-molecular A+ and B2+ cations and X a halide. Thiele and colleagues
[194] report that CsGeX3 (X=Cl, Br, I) (t: 1.03, 1.01, 0.99) [4] all exist experimentally as
R3m perovskites at room temperature, with a polarization along the [111] direction with
respect to the cubic perovskite unit cell. APbI3 (A=Cs, Rb) [30] (t: 0.91, 0.87) and CsSnX3
(X=Cl, Br, I) [90] (t: 0.95, 0.93, 0.92) are computationally predicted to exhibit relatively
high high-frequency dielectric constants and, in the case of CsSnI3, imaginary-frequency
polar modes [49], when constrained to the Pm3¯m perovskite structure. However, only
CsSnBr3 [141] and possibly CsSnI3 [43] are experimentally stable in the perovskite struc-
ture at room temperature, and both are reported to form in non-polar structures. CsPbI3
[200], RbPbI3 [200], and CsSnCl3 [159] are reported to form in non-perovskite phases at
room temperature. CsPbCl3 (t: 0.89) is experimentally reported to form as a non-polar
perovskite with octahedral rotations [65]. RbPbF3 (t: 0.89) is experimentally reported to
form a non-perovskite structure at room temperature and undergo a phase transition to
the Pm3¯m perovskite structure at high temperature [217].
As evidenced by the variety of both polar and non-polar phases reported in the liter-
ature, the simple presence of Ge2+, Sn2+, or Pb2+ is insufficient to guarantee a ferroelectric
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perovskite ground state [187]. The stereoactivity of a lone pair cation depends not just
on the cation itself but also on the anions to which it is bonded [207], as well as their in-
teratomic spacing (bond length). Substitution of different halide anions may be used to
tune the stereoactivity of a lone pair cation by changing the energetic proximity of the rel-
evant orbitals [208]; substitution of larger or smaller A-site cations may be used to change
the spatial overlap between those orbitals and further tune the lone pair stereoactivity,
especially when tolerance factor is near or above unity and octahedral rotations are sup-
pressed. In the non-perovskite ground state structures of CsPbI3, CsSnCl3, RbPbI3, and
RbPbF3, the lone pair B2+ cation sits at a site with broken inversion symmetry, meaning
that the lone pair may be active; in CsSnCl3 and RbPbF3 the B cations are also highly
off-centered within their coordination polyhedra. It should be considered whether the B
cation lone pairs in these latter two compounds are so highly stereoactive and favor such
strongly distorted environments that the perovskite structure is destabilized.
Turning now to the applicability of our results for CsPbF3 to the oxide perovskites,
the reason for the weakening of ferroelectric instabilities by the a−b+a− rotation pattern
does not depend on the presence of a B-site lone pair cation or on the particular chemical
nature of the anion. This reasoning is therefore transferable to the oxides, though we note
that Pnma has more than one polar subgroup, and our discussion has focused on just one
of them, P21ma.
The transferability will be poorer from our findings regarding the effect of lone-pair
cations on the B-site to the effect of lone-pair cations on the A-site. While we have ar-
gued that localized B-site lone-pair cations will prefer to orient in parallel, the equivalent
statement cannot be made for localized A-site lone pairs: while the localized lone pairs of
PbTiO3 and BiFeO3 orient in parallel, those of PbZrO3 are oriented in an antiparallel fash-
ion. How anionic displacements couple to the localization of A-site lone pairs is beyond
the scope of this work, but is apparently in a manner distinct from their coupling to the
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localization of B-site lone pairs.
We lastly turn to the organic-inorganic hybrid ABX3 perovskite solar cell materials.
Small organic molecules, protypically CH3NH+3 , sit on the A site; a divalent lone pair
cation, nearly always Pb2+ but occasionally Sn2+, sits on the B site; and heavy halides I−,
Br−, and/or Cl− sit on the X sites [73]. It is still not fully understood if the Pb2+ lone pairs
are localized in these compounds at room temperature, or what the role of such local-
ization would be on device performance [73]. A number of hybrid perovskite materials
[63, 64, 189] with Pb2+ and/or Sn2+ on the B-site do form in polar structures or even ex-
hibit ferroelectricity; however, as of yet studies have focused upon the role of the organic
molecules in these phenomena [63, 64], not the cationic lone pair. The high dielectric con-
stant of prototypical hybrid perovskite photovoltaic (CH3NH3)PbI3 has been identified as
an important contributor to its high efficiency [64]. Because the dielectric constant of a
material will diverge as a proper ferroelectric transition is approached [161], we suggest
tuning lone pair stereoactivity to approach a lone pair-driven ferroelectric transition as a
means to further improve these already very successful materials.
We apply our design rules for tuning lone pair stereoactivity to the hybrid APbX3
perovskites, using (CH3NH3)PbI3 as an example. Approximating the A-site cation as a
sphere, increasing its size in the absence of octahedral rotations will lengthen the Pb-X
bonds and decrease lone pair stereoactivity. On the other hand, using smaller halides (Br−
and/or Cl−) would increase lone pair stereoactivity both by favoring shorter Pb-X bonds
and by increasing the energetic proximity of the relevant Pb and X orbitals [208]. While
the efficiency of a photovoltaic device depends on many factors that we have not treated
here, we believe that tuning the lone pair stereoactivity in this way has the potential to
increase device performance.
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2.5 Conclusions
We have used first-principles calculations to study the origin of ferroelectricity in the
only ABF3 compound that has been experimentally shown to exist as a perovskite with a
polar ground state. Because the lone pair-free analogue of CsPbF3, CsSrF3, lacks a polar
instability, we attribute the ferroelectricity of CsPbF3 to the Pb2+ lone pair.
We find that the polar ground state of CsPbF3, space group R3c, is in close energetic
competition with a non-polar structure of space group Pnma, which lacks a polar instabil-
ity. Even in the absence of antipolar displacements, the a−b+a− rotation pattern weakens
ferroelectric instabilities relative to the a−a−a−. There are no qualitative differences in the
Pb s- and Pb p-projected densities of states among R3¯c, fully-relaxed Pnma, and Pnma
with antipolar displacements removed, indicating comparable chemical stereoactivity of
the Pb2+ cation in the three structures.
While without its lone pair cation CsPbF3 would not be ferroelectric, we find that there
is also a significant A-site contribution to the ferroelectric eigenmode. Pnma symmetry
prevents the ferroelectric eigenmode of CsPbF3 from optimally coordinating all A-site
cations of structures in this space group at once. This is not true in space group R3¯c:
R3¯c symmetry allows a globally-polar displacement pattern to simultaneously satisfy the
coordination requirements of all A-site cations.
The localization of the Pb2+ lone pair requires a polar pattern of anionic displacements,
placing lone pair localization and A-site optimization in direct competition when rotation
pattern a−b+a− is present but not when a−a−a− is present instead. The ground state of
CsPbF3 has space group R3c because in that space group the combination of octahedral
rotations and ferroelectricity simultaneously satisfy the A-site bonding requirements and
allow the Pb2+ lone pair to localize.
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CsPbF3 CsPbF3
Source DFT Experiment [23]
Space group R3c R3c
a, Å 6.83122 6.84993(6)
b, Å 6.83122 6.84993(6)
c, Å 16.09397 16.1205(1)
Cs z 0.74028 0.7428(5)
Pb z 0.49262 0.49240(3)
F x 0.21274 0.19857(3)
F y 0.30440 0.30063(4)
F z 0.08410 0.08333(4)
Table 2.3: Comparison of the ground state structures of CsPbF3 as found with density
functional theory and as reported at 148 K. In R3c CsPbF3 the Cs and Pb sit at 6a Wyckoff
sites, for which x and y are fixed at 0; the F sit at 18b sites, in which x, y, and z are all
free parameters. We have used the hexagonal setting for R3c. Experimental data for Pnma
CsSrF3 were unavailable for comparison to our results.
2.9 Supplementary information
2.9.1 Version information
We used: VASP version 5.2; Wannier90 version 1.2; VESTA version 3; Phonopy version
1.9.5. We used VASP potentials: PAW PBE Cs sv 08Apr2002; PAW PBE Pb d 06Sep2000;
PAW PBE Sr sv 07Sep2000; PAW PBE F 08Apr2002.
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Figure 2.7: Phonon band structure and phonon density of states of Pm3¯m CsPbF3 (top)
and CsSrF3 (bottom) calculated using Phonopy [199].
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2.9.2 Additional data
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Figure 2.8: a) Pb s and b) Pb p orbital-projected densities of states of CsPbF3 structures
with equilibrium lattice constants, in units of states/(formula unit). For each structure
energies are given with respect to their Fermi energy.
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Figure 2.9: Variation of the total energy per formula unit with increasing polar displace-
ment amplitude. For a full description of how this figure was generated, see the caption
of Figure 2.5 in the main text. Inset: manner in which the softest polar force constant
matrix eigenvector of Pm3¯m CsPbF3 distorts the PbF6 octahedra. Octahedron is oriented
such that motion of the Cs+ cations (not shown) is towards the top of the page.
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Figure 2.10: Pb s (left) and Pb p (right) orbital-projected densities of states of polar sub-
groups of fully-relaxed R3¯c (top) aPnma (middle), and rPnma (bottom) CsPbF3. Structures
are made in the same manner as described in the caption of Figure 2.5 in the main text
but with the amplitude of the full polar force constant matrix eigenvector set to 0.06a per
formula unit, where a is the Pm3¯m lattice constant. Densities of states are presented in
units of states/(formula unit). Energies are given with respect to the Fermi energy of the
polar structure with anionic displacements included.
2.9.3 Relevant structures
See Table 2.3 for comparison of experimental and computed R3c ground state structures
of CsPbF3.
Atom x y z
Cs (1a) 0 0 0
Pb (1b) 0.5 0.5 0.5
F (3c) 0 0.5 0.5
Table 2.4: Structure of fully-relaxed Pm3¯m CsPbF3. a=4.80652 Å.
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Atom x y z
Cs (6a) 0 0 0.25
Pb (6b) 0 0 0
F (18e) 0.44072 0 0.25
Table 2.5: Structure of fully-relaxed R3¯c CsPbF3. a=6.80864 Å, c=16.30620 Å. Hexagonal
settings are used.
Atom x y z
Cs (4c) 0.02509 0.25 0.49418
Pb (4a) 0 0 0
F (8d) 0.72014 -0.03444 0.78003
F (4c) -0.01642 0.25 0.93567
Table 2.6: Structure of fully-relaxed Pnma CsPbF3 (referred to as rPnma in the main text).
a=6.76261 Å, b=9.54286 Å, c=6.75431 Å.
Atom x y z
Cs (4c) 0 0.25 0.5
Pb (4a) 0 0 0
F (8d) 0.72005 -0.03330 0.77995
F (4c) 0 0.25 0.93340
Table 2.7: Structure of Pnma CsPbF3 with antipolar displacements manually removed (re-
ferred to as aPnma in the main text). a=6.76261 Å, b=9.54286 Å, c=6.75431 Å.
Atom x y z
Cs (4c) -0.01899 0.25 0.50505
Sr (4a) 0 0 0
F (8d) 0.72616 -0.03214 0.77376
F (4c) -0.01264 0.25 0.93978
Table 2.8: Structure of fully-relaxed Pnma CsSrF3. a=6.67564 Å, b=9.42889 Å, c=6.69174 Å.
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CHAPTER 3
EXPLOITING KINETICS AND THERMODYNAMICS TO GROW PHASE-PURE
COMPLEX OXIDES BY MOLECULAR-BEAM EPITAXY UNDER CONTINUOUS
CODEPOSITION
Manuscript accepted to Phys. Rev. Mater. as: Smith, Eva H.; Ihlefeld, Jon F.; Heikes,
Colin A.; Paik, Hanjong; Nie, Yuefeng; Adamo, Carolina; Heeg, Tassilo; Liu, Zi-Kui; and
Schlom, Darrell G. 2017 A few minor changes have been made.
3.1 Abstract
We report the growth of PbTiO3 thin films by molecular-beam epitaxy utilizing continu-
ous codeposition. Contrary to what would be expected from thermodynamics, whether
the resulting film is single-phase PbTiO3 or not at a particular temperature depends
strongly on the film growth rate and the incident fluxes of all species, including titanium.
We develop a simple theory for the kinetics of lead oxidation on the growing film sur-
face and find that it qualitatively explains the manner in which the adsorption-controlled
growth window of PbTiO3 depends on lead flux, oxidant flux, and titanium flux. We suc-
cessfully apply the kinetic theory to the dependence of the growth of BiFeO3 on oxidant
type and surmise that the theory may be generally applicable to the adsorption-controlled
growth of complex oxides by MBE.
3.2 Introduction
Reactive molecular-beam epitaxy (MBE) is unique in its ability to grow high-quality films
with atomically-sharp interfaces and high crystalline quality, including (and especially)
64
materials that do not exist in nature [173]. Component elements are generally deposited
on a substrate starting from single-element sources as low-energy molecular beams; mul-
ticomponent materials, including heterostructures, may be deposited layer by layer. The
layer-by-layer growth regime gives the grower a high degree of control, with film com-
position and structure being directed by the user with atomic layer precision. The ability
to deposit precise monolayers via shuttering of the molecular beams depends directly on
user knowledge of source fluxes, which may vary from day to day or even from hour to
hour. Thus, the sensitivity of crystal structure and composition to grower input is both a
strength and potential challenge of this growth technique; an uncontrolled flexible growth
parameter causes chaos.
In contrast to shuttered growth, adsorption-controlled growth leverages thermody-
namics to ensure phase purity. Such automatic composition control is key to the growth
of compound semiconductors by MBE [13, 39, 40, 41, 62, 75, 82, 177, 201, 202]. Within
a particular range of temperatures and pressures (the so-called adsorption-controlled
growth window), one component of a multicomponent material has a sticking coefficient
that depends strongly on surface composition. Within this growth window, the volatile
species will only stick to the growing film surface and be incorporated into the film bulk
if the result is the single-phase, multicomponent material of interest; any excess of the
volatile material beyond the single-phase region will not stick or enter the film. Com-
plex oxides that have been grown within the adsorption-controlled growth regime by
molecular-beam epitaxy include PbTiO3 [165, 166, 191, 192], Bi2Sr2CuOy [131], Bi4Ti3O12
[132, 193], BiFeO3 [92, 93, 94, 102], EuO [204], SrTiO3 [98], BiMnO3 [117], LuFe2O4 [31],
SrRuO3 [144, 178], GdTiO3 [134], BiVO4 [188], Ba2IrO4 [203], BaTiO3 [127], SrIrO3 [148],
Sr2IrO4 [103, 148], LaVO3 [219], Ba2RuO4 [9, 34], Sr2RuO4 [9, 34], CaTiO3 [79], (La,Sr)VO3
[27], BaSnO3 [152, 153, 160], CaRuO3 [123], Ca2RuO4 [145], and PbZrO3 [210].
In contrast to what is suggested by thermodynamic theory, however, a significant
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number of these multicomponent oxides are not actually grown by continuous codeposi-
tion [92, 93, 94, 102, 117, 131, 132, 165, 166, 188, 191, 192, 193]. Rather, in these cases the
non-volatile species is supplied in monolayer doses, with pauses between the doses in
which only the volatile species is supplied. When the materials are continuously code-
posited, the complex oxide does not form as a single phase [165, 166, 192, 193]. The
apparent requirement for the supply of the non-volatile species to be modulated is not
explained within the thermodynamic theory, and furthermore confers clear disadvan-
tages, such as substantially increasing growth times (as elements are deposited in series
rather than parallel) and requiring calibration of the dose times. Thus, the advantages of
adsorption-controlled growth are not, in general, fully utilized. The importance of oxi-
dation kinetics has been conjectured for the adsorption-controlled growth of some oxides
such as PbTiO3 [165, 166, 191, 192] and MgO [124] but not fully or generally explored. Of
the complex oxides that are grown by continuous codeposition, some circumvent possi-
ble oxidation challenges by employing oxidized precursors rather than elemental source
materials plus an oxidant [27, 79, 127, 134, 153, 160, 219].
Using as a model system the growth of PbTiO3 by continuous codeposition of lead,
titanium, and distilled ozone, we measure the dependence of the adsorption-controlled
growth window on flux of both the volatile and non-volatile species. We establish a sim-
ple kinetic model for adsorption-controlled growth that complements the existing ther-
modynamic theory, and delineate the factors controlling the kinetic growth window. We
find that besides qualitatively explaining the dependence of the adsorption-controlled
growth window of PbTiO3 on flux of both volatile and non-volatile species, the kinetic
theory also may be used to explain the dependence of the growth window of BiFeO3 on
oxidant mixture. We find that oxidation kinetics are critical to growing phase-pure mate-
rials by this method.
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3.3 Methods
3.3.1 Growth and analysis of PbTiO3
We grew thin films of PbTiO3 by reactive MBE in a Veeco GEN 10 system using distilled
ozone (approximately 80 mol% O3) as an oxidant and elemental lead and titanium as
source materials. We used lead fluxes from 30 to 60 × 1013 atoms cm−2 s−1 and titanium
fluxes from 1 to 4.5 × 1013 atoms cm−2 s−1, resulting in beam equivalent pressures [47]
of 1 to 2 × 10−6 Torr and 5 to 20 ×10−8 Torr, respectively. Lead was supplied with an
effusion cell and titanium was supplied with a Ti-BallTM [7, 80, 190, 213]. During all
PbTiO3 growths, lead, ozone, and titanium were continuously codeposited. Tempera-
ture was monitored using an optical pyrometer and the background chamber pressure
was monitored with an ion gauge. We found that opening (closing) the titanium shutter
to initiate (halt) growth caused the substrate temperature to increase (decrease) by 20◦C
and the chamber background pressure to drop (rise) by 10%. We believe this is due to
low temperature of the substrate in comparison to that of the titanium source, which is
near 1550◦C in the latter case [80, 190, 213], and titanium acting as a getter pump with
a large radiating area [80]. We report temperatures and pressures during growth, with
both lead and titanium shutters open. All PbTiO3 films were grown using (001)-oriented
TiO2-terminated SrTiO3 substrates [110] with a miscut of less than 0.2◦.
The crystalline phases present in the films and their orientations were monitored in
situ with reflection high-energy electron diffraction (RHEED) along the <100> and <110>
azimuths and ex situ with four-circle X-ray diffraction (XRD) on a PANalytical X’Pert PRO
using Cu Kα1 radiation monochromated with a four-bounce Ge 220 monochromater.
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3.3.2 Growth and analysis of BiFeO3
We grew thin films of BiFeO3 by reactive MBE in a Veeco 930 system described elsewhere
[191] using as an oxidant either 9 mol% ozone directly out of the ozone generator or
90 mol% ozone following distillation, and elemental bismuth and iron as source materi-
als. Both iron and bismuth were supplied with effusion cells. BiFeO3 was grown in an
adsorption-controlled regime, as described previously [92, 93, 94], under a constant bis-
muth flux of 1.4×1014 atoms cm−2 s−1. Growth was controlled by supplying monolayer
doses of iron at a flux of 2×1013 atoms cm−2 s−1 and allowing equivalent bismuth-only
time intervals between iron doses. Unlike the PbTiO3 thin films, the BiFeO3 thin films
were not grown by continuous codeposition. The substrate temperature during growth
was monitored in situ via band edge spectroscopy of the SrTiO3 substrate [85, 101]. All
BiFeO3 films were grown on (001)-oriented TiO2-terminated SrTiO3 substrates [110].
The growth surface and phase assemblage were monitored in situ with RHEED along
the substrate <110> azimuth and verified ex situ using XRD.
3.4 Results
Figure 3.1 shows the expected dependance [16, 192] of the adsorption-controlled growth
window of PbTiO3 on temperature and pressure as predicted from thermodynamics. The
themodynamic growth window is a region in gas pressure and substrate temperature;
because experimental ozone pressures are many orders of magnitude greater than what
is required thermodynamically to oxidize lead, the gas pressure relevant to the thermo-
dynamics of PbTiO3 formation is the partial pressure of PbO gas. When the gas pressure
is too high or the substrate temperature too low, solid PbO is expected to accumulate on
the film surface. When the gas pressure is too low or the substrate temperature too high,
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all PbO is expected to desorb and not be incorporated into the growing film, resulting
in the film being just TiO2. We note that the width of the window (in temperature) has
only a very weak dependence on gas pressure (increasing pressure from 1×10−8 Torr to
1×10−7 Torr widens the window from 105◦C to 111◦C, a change of only 6%) and that there
is no explicit dependence on titanium flux of the growth window at all [192]. Indeed,
thermodynamics is all about equilibrium and not about growth.
The RHEED and XRD patterns we observed corresponding to PbO excess, pyrochlore
Pb2Ti2O6, and TiO2 excess, as well as phase-pure PbTiO3, are shown in Fig. 3.1. We discuss
the secondary phases we observe in the Supplementary Information.
Next, we characterized the conditions under which the continuous codeposition of
lead, titanium, and ozone will yield each of the three sets of product described in Fig.
3.1(b). In this way we delineate our experimental (rather than theoretical) growth win-
dow. In agreement with previous reports, we observed that when the titanium flux is
relatively high in comparison with the lead flux (Pb:Ti=7:1 in this work; between 2:1 and
5:1 in previous reports), phase-pure PbTiO3 cannot be grown by continuous codeposition
of the constituents [166, 192, 193]. When we increase the Pb:Ti ratio by decreasing the ti-
tanium flux, however, we are able to grow PbTiO3 by continuous codeposition, as shown
in Fig. 3.2(a). This finding – that the adsorption-controlled growth window of PbTiO3
depends strongly on titanium flux – cannot be explained by the thermodynamic window
shown in Fig. 3.1(a). Because the growth rate of the PbTiO3 (within the growth window)
is controlled by the titanium flux, the dependence on the titanium flux may equivalently
be considered a dependence on growth rate.
To further understand the role played by kinetics in the growth of PbTiO3 by contin-
uous codeposition, we also measure the dependence on the lead flux and oxidant flux of
the phases grown. While the width of the thermodynamic growth window shown in Fig.
3.1(a) is only very weakly dependent upon PbO gas pressure, we observe a significant
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Figure 3.1: (a) The adsorption-controlled growth window of PbTiO3 as a function of PbO
gas pressure and substrate temperature, as calculated from thermodynamics [16, 192]. (b)
Indexed x-ray diffraction patterns and RHEED images taken along the substrate <100>
azimuth of films grown within each of the three regions of condensed phases: (i) PbO +
PbTiO3; (ii) PbTiO3 only; and (iii) TiO2. Arrows have been added to aid the eye in the TiO2-
phase RHEED image. Impurities are labeled as follows: A=anatase TiO2; M=massicot
PbO; L=litharge PbO; P=pyrochlore Pb2Ti2O6. See Supplementary Information for a full
list of growth conditions and a description of secondary phases appearing in part (b).
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Figure 3.2: Dependence of observed film phase as a function of titanium flux, lead flux, or
oxidant pressure. Only one variable (source flux or oxidant pressure) was varied, in ad-
dition to temperature, at a time. Phases observed when (a) oxidant background pressure
and lead flux were fixed; (b) oxidant background pressure and titanium flux were fixed;
(c) titanium flux and lead flux were fixed. See Supplementary Information for a full list
of growth conditions.
dependence of the width of the experimental growth window on the lead flux, shown in
Fig. 3.2(b). Furthermore, while we supply many orders of magnitude more ozone than
the amount necessary to thermodynamically favor oxidation of lead into PbO at growth
temperature [16, 192], we see in Fig. 3.2(c) that the growth window is highly sensitive to
chamber background pressure as well.
The dependence of the observed growth window on ozone flux and on the lead flux
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is the inverse of that observed for the titanium flux: increasing either the ozone flux or
the lead flux has the effect of widening the growth window. Based on the thermody-
namic theory, changing the lead or ozone flux should shift the growth window to higher
or lower temperatures without significantly altering its width. In the next section we de-
velop a simple theory of the role of kinetics of lead oxidation in the growth of PbTiO3
and see that it may be used to qualitatively explain these results. We then test this theory
on a completely different system: the growth of BiFeO3 by adsorption-controlled MBE
when the iron is supplied in sequential monolayer doses (shuttered) rather than being
continuously deposited (as are all sources in our growths of PbTiO3). We find that while
thermodynamics cannot explain the dependence of the BiFeO3 growth window on ox-
idant type [molecular oxygen (O2) versus ozone (O3)], the observed dependence is in
agreement with the kinetic theory.
3.5 Discussion: Role of kinetics in adsorption-controlled growth
3.5.1 Formulation of the kinetic model using PbTiO3 as an example
We established in the previous section that, in contrast to what is expected from ther-
modynamic theory, the window in temperature for the adsorption-controlled growth
of PbTiO3 depends strongly on lead flux, titanium flux, and oxidant pressure. During
growth of PbTiO3 by adsorption-controlled MBE, the majority of PbO is formed on the
film surface [192]; in this section we apply the Langmuir-Hinshelwood model [51, 126] of
bimolecular, surface-catalyzed reactions to the formation of PbO from lead and oxygen
adsorbed on the film surface and find that this model suitably explains the dependence
of the growth window of PbTiO3 on lead, oxidant, and titanium flux. The Langmuir-
Hinshelwood model, an extension of the Langmuir adsorption isotherm, has been used
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successfully to explain the rate data of surface-catalyzed reactions such as oxidation of
CO by O2 on Pt(111) and Rh(111); decomposition of ammonia to N2 and H2 on Pt(111),
Rh(111), or Fe(111); and the water shift reaction on platinum; as well as many others [126].
We consider the formation of PbO on the growing film surface by the reaction of an
adsorbed lead atom and an adsorbed oxygen atom:
Pb(ad) + O(ad)
k3.1−−→ PbO(ad). (3.1)
Pb(ad) and O(ad) are both formed on the surface when gas-phase atoms strike the sur-
face; we assume that the film surface is at steady state during growth by continuous code-
position. We also assume that the adsorption and desorption of lead and oxygen atoms
are very rapid in comparison with the reaction in Eq. (3.1), and that Eq. (3.1) is thus
the rate-limiting step in the formation of PbO on the film surface, though we will return
to this latter assumption at the end of this section. Within the Langmuir-Hinshelwood
model, the rate of PbO formation will then be [51, 126]
rPbO = k3.1[Pb(ad)][O(ad)], (3.2)
where [Pb(ad)] and [O(ad)] are the concentrations of the adsorbed species in molecules cm−2.
Later on we will discuss the factors that determine [Pb(ad)] and [O(ad)].
After PbO is formed on the surface, it may either remain adsorbed or evaporate. De-
pending on temperature, PbO(g) gas pressure, and surface composition, the following
equilibrium will either move towards reactants (high pressure, low temperature) or prod-
ucts (low pressure, high temperature):
PbO(ad)
k3.3−−−⇀↽−
k−3.3
PbO(g) + 2∗, (3.3)
where * denotes unoccupied surface sites. The particular value of the equilibrium con-
stant KPbO= k3.3/k−3.3=[PbO(g)]/[PbO(ad)] at a given temperature and pressure may be
found with thermodynamics; KPbO determines the thermodynamic growth window.
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The chemical reactions involving titanium and oxygen atoms are:
Ti(g) + ∗
k3.4−−−⇀↽−
k−3.4
Ti(ad) (3.4)
and
Ti(ad) + 2O(ad)
k3.5−−−⇀↽−
k−3.5
TiO2,(ad). (3.5)
Based on the observations that (i) titanium exhibits unity sticking [192], and thus Eq.
(3.4) is zeroth-order in concentration of surface sites [*]; (ii) titanium will be oxidized
even with much lower oxidant pressure than is present in our system, and thus Eq. (3.5)
is zeroth-order in oxidant pressure and in [O(ad)]; and (iii) the above two reactions are
irreversible under our growth conditions; we find that the rate of TiO2 formation is just
the titanium flux, ΦTi:
rTiO2 = k3.4[Ti(g)] = ΦTi. (3.6)
PbTiO3 formation is given by
TiO2,(ad) + PbO(ad)
k3.7−−→ PbTiO3,(ad). (3.7)
For PbTiO3 to be formed as a single phase without excess TiO2 accumulation in the
film, rPbO must equal or exceed rTiO2 . When this is true and conditions are within the
thermodynamic growth window, the rate of PbTiO3 formation rPbTiO3 = rTiO2 . On the
other hand, if rPbO < rTiO2 then PbTiO3 will not form as a phase-pure material; rather,
deposition of TiO2 will “outrun” formation of PbO and the excess TiO2 will accumulate
as a secondary phase. It is possible for this to occur within the thermodynamic growth
window; we would consider such growth conditions to be within the thermodynamic
growth window but outside the kinetic growth window.
We delineate the kinetic growth window, within which PbTiO3 may grow because
rPbO ≥ rTiO2 , by substituting in the preceeding inequality Eqs. (3.2) and (3.6):
k3.1[Pb(ad)][Oad] ≥ ΦTi. (3.8)
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We immediately see that for higher titanium fluxes, more lead and oxygen must be
present on the surface in order for PbO formation to keep up with TiO2 formation. This
explains the result in Fig. 3.2(a), that increasing the titanium flux while holding other
conditions constant has the effect of closing the growth window and preventing growth
of phase-pure PbTiO3.
We describe the relationship between [Pb(ad)] and the beam equivalent gas pressure
[Pb(g)] using thermodynamics [16] and the relationship between the lead flux ΦPb and
[Pb(g)] using the kinetic theory of gases [47]. Combining these relationships, [Pb(ad)] relates
to the lead flux as
[Pb(ad)] ∝ ΦPbe−∆HPb(g)→Pb(l)/kBT . (3.9)
At MBE-amenable chamber pressures and substrate temperatures, the concentration of
adsorbed, possibly-activated oxygen atoms available for oxidizing the film appears to be
a linear function of ozone flux [24, 115, 171, 175, 176]. See the Supplementary Information
for a fuller discussion of these relationships.
Substituting in to Eq. (3.15) the relationship between lead flux ΦPb and [Pb(ad)] de-
scribed in Eq. (3.14) and assuming a linear relationship between ozone flux ΦO3 and
[O(ad)], we may summarize the kinetic growth window as
kΦPbe
−∆HPb(g)→Pb(l)/kBTΦO3 ≥ ΦTi, (3.10)
for k a proportionality constant; or, in terms of a flux ratio,
ΦPbΦO3
ΦTi
≥ κe+∆HPb(g)→Pb(l)/kBT . (3.11)
The term on the right side of Eq. (3.11) will increase exponentially with increasing temper-
ature: at higher substrate temperatures larger flux ratios will be required to grow PbTiO3
by continuous codeposition. At constant temperature, this flux ratio describes the effect
on the kinetic growth window of changing the lead flux, ozone flux, or titanium flux ob-
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served experimentally in Fig. 3.2: increasing titanium flux closes the growth window,
while increasing the lead or ozone flux opens it.
This kinetic growth window theory complements, rather than replaces, the thermo-
dynamic growth window theory. Growth conditions must be within both windows for
PbTiO3 to be grown as a single phase by continuous codeposition. At high titanium flux, it
is possible to be within the thermodynamic growth window (any PbO that forms is incor-
porated into the film at no more than a 1:1 ratio with TiO2) but outside the kinetic growth
window (PbO formation cannot keep up with TiO2 formation, and excess TiO2 accumu-
lates as a secondary phase). As noted in the previous paragraph, at larger flux ratios
ΦPbΦO3/ΦTi the temperature at which TiO2 formation outruns PbO formation is higher;
given the independence of the thermodynamic growth window on titanium flux, increas-
ing the flux ratio has the effect of widening the overall growth window. Increasing the
lead flux and titanium flux by equal measure, on the other hand, which does not alter
the flux ratio, has the effect of shifting the growth window to higher temperatures while
leaving its width unchanged.
The fact that increasing ozone flux is observed experimentally in Fig. 3.2 to have a
larger effect on the width of the growth window than does increasing the lead flux brings
into question our earlier approximation that the rate-limiting step in the formation of
PbO is the collision of an adsorbed lead atom and an adsorbed oxygen atom, Eq. (3.1). If
[Pb(ad)] [O(ad)], then the rate of PbO formation on the surface may be less than first order
in [Pb(ad)], and ΦPb in Eqs. (3.10) and (3.11) could be replaced by ΦxPb for 0 < x < 1. Such
a factor could help explain why such extraordinary excesses of lead relative to titanium
are required. Further increases to ozone flux at the film surface might permit reduction
of the Pb:Ti flux ratio.
That the kinetic growth window of PbTiO3 may be more dependent upon the ozone
flux than the lead flux might explain our success in growing PbTiO3 by continuously
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codeposited MBE. In addition to our use of distilled ozone as an oxidant, our ozone de-
livery tube is rather close to the 10 mm × 10 mm substrate (5.1 cm from the end of the
ozone delivery tube to the substrate center at a 40◦ angle of incidence). If ozone flux were
more rate-limiting to the kinetics of lead oxidation than lead flux, it would follow that
maximizing ozone flux at the substrate would be key to the growth of PbTiO3 by contin-
uous codeposition at reasonable growth rates. In addition to PbTiO3, another complex
oxide, CaRuO3, has been grown for the first time by continuous codeposition of source
elements in our modified chamber [123], and we have grown BiFeO3 by continuous code-
position [84, 146] in a chamber with a similar ozone delivery tube geometry, though in
the next section we employ shuttering in our growth of BiFeO3.
3.5.2 Application of model to growth of BiFeO3
To test the generality of the importance of oxidation kinetics to adsorption-controlled
growth, we turn our consideration to another system: the adsorption-controlled growth
of BiFeO3 by reactive MBE from metallic bismuth, iron, and oxidant [molecular oxy-
gen (O2) and ozone (O3]). For this portion of our experiments, we continuously sup-
plied bismuth and oxidant, while supplying monolayer doses of iron interspersed with
pauses. This “shuttered” growth technique is how many complex oxides are grown by
adsorption-controlled MBE [92, 93, 94, 102, 117, 131, 132, 165, 166, 188, 191, 192, 193].
BiFeO3 may be grown by MBE using a relatively low quantity of ozone in comparison
to that required to grow PbTiO3. At a 5:1 Pb:Ti ratio, distilled ozone at a background pres-
sure of 1×10−5 Torr is necessary to oxidize lead even when the titanium is shuttered [192];
however, at a 7:1 Bi:Fe ratio, we find that BiFeO3 may be grown when the iron is shut-
tered at 1×10−6 Torr of oxidant using either distilled ozone (90% in this study) or ozone
at the concentration produced by the ozone generator, i.e., 9% O3 + 91% O2. Thus, con-
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Figure 3.3: (a) Adsorption-controlled growth window of BiFeO3 as a function of molec-
ular oxygen pressure as calculated from thermodynamics, after Ihlefeld and co-workers
[93]. (b) Dependence of observed phase as a function of fraction ozone in the oxidant
blend. We note that different phases of Fe2O3 appear as secondary phases outside the
growth window at the two different oxidant mixtures. Ozone is 250× more active in oxi-
dizing bismuth than diatomic oxygen in the process chamber in which we grew BiFeO3.
See Supplementary Information for a full list of growth conditions and for our measure-
ments of ozone activity.
sideration of BiFeO3 allows us to study the effect of different oxidant mixtures. Similar
to PbTiO3, however, the width of the thermodynamic adsorption-controlled growth win-
dow of BiFeO3 (shown in Fig. 3.3(a), after Ihlefeld and co-workers [93]) only shows a very
weak dependence on gas pressure. Increasing the oxygen pressure by an order of magni-
tude, from 1×10−7 Torr to 1×10−6 Torr, increases the width of the thermodynamic window
by only 4◦C, an increase of less than 10%. In our chamber ozone has about 250 times the
activity of molecular oxygen for the oxidation of bismuth. Similar activity enhancement
for ozone over molecular oxygen has been observed for the oxidation of copper as well
[175]. Replacing oxygen with ozone in Fig. 3.3(a) would be expected to shift the growth
window to lower pressures without otherwise changing its form. See Supplementary
Information for our measurements of ozone activity.
We present in Fig. 3.3(b) the observed dependence of the growth window of BiFeO3
on ozone concentration. Using 9% ozone, Bi2O2.5 appears in the RHEED up to 415◦C, and
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Fe2O3 appears at 460◦C, giving a window for the growth of BiFeO3 45◦C wide. Using 90%
ozone both moves the growth window up by roughly 200◦C in substrate temperature,
and doubles its width: Bi2O2.5 appears in the RHEED up to 640◦C, and Fe2O3 appears at
725◦C, giving a window for growth of BiFeO3 of 90◦C. The shift in the growth window to
higher oxygen pressure at higher temperature is expected from thermodynamics, but the
increase in the width of the growth window can only be explained by our kinetic model.
The change in phase of Fe2O3 that appears as an impurity outside the BiFeO3 growth
window, from γ-Fe2O3 at low ozone fraction to α-Fe2O3 at high ozone fraction, may be
attributable to the effect of epitaxial strain combined with thermodynamics. See Supple-
mentary Information.
3.6 Conclusions
We have grown PbTiO3 by MBE using continuous codeposition of all source elements for
the first time. We find the successful growth of phase-pure PbTiO3 by this method de-
pends on achieving a sufficient ratio of fluxes ΦPbΦO3/ΦTi, with increasing lead or oxidant
flux favoring PbTiO3 growth and increasing titanium flux disfavoring PbTiO3 growth.
The thermodynamics of PbTiO3 growth within the adsorption-controlled regime depends
on the equilibrium between adsorption and desorption of PbO; we argue that the kinetics
of PbO formation on the growing film surface are also of high importance, and present a
simple theory that describes it. In conjunction with the existing thermodynamic theory,
our kinetic theory qualitatively explains our observed dependence of the growth win-
dow on the flux ratio ΦPbΦO3/ΦTi, as well as substrate temperature. We find that this
model may also be used to qualitatively explain the dependence of the growth window
of BiFeO3 on oxidant mixture.
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3.8 Supplementary information
3.8.1 Secondary phases that appear in the growth of PbTiO3
Below the bottom of the growth window in temperature, we observed a mixture of
litharge and massicot PbO, indexed as L and M respectively in Fig. 1 in the main text.
At times we also observed, along with peaks corresponding to these PbO phases, a peak
in the XRD pattern that we could not index to either phase of PbO or a higher oxida-
tion state oxide of lead; we believe that this peak corresponds a phase described in the
literature as a pyrochlore [100]. This phase may be associated with lower temperatures
[209, 212]. In the XRD pattern we mark this peak P. Above the top of the growth window
in temperature, we exclusively observed TiO2 in the anatase phase, denoted A. Although
the anatase polymorph of TiO2 is metastable at all temperatures (the stable polymorph
is rutile) [16], the favorable lattice match between (001) anatase and the (001) perovskite
surface epitaxially stabilizes this metastable TiO2 polymorph [38, 99].
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3.8.2 Growth conditions in figures from main text
Fig. 1: All three x-ray patterns were taken from films grown at a lead flux of 3.1×1014
atoms cm−1 s−1, a titanium flux of 1.0×1013 atoms cm−1 s−1, and oxidant background pres-
sure of 5×10−6 Torr; the only parameter changed was substrate temperature.
Fig. 2: (a) The oxidant background pressure was fixed at 5×10−6 Torr and the lead flux
was fixed at 3.1×1014 atoms cm−1 s−1; (b) the oxidant background pressure was fixed at
5×10−6 Torr and the titanium flux was fixed at 1.1×1013 atoms cm−1 s−1; (c) the lead flux
was fixed at 2.4×1014 atoms cm−1 s−1 and the titanium flux was fixed at 2.4×1013 atoms
cm−1 s−1.
Fig. 3: All films were grown with a bismuth flux of 1.4×1014 atoms cm−1 s−1, an iron
flux of 2×1013 atoms cm−1 s−1, and oxidant background pressure of 1×10−6 Torr; the only
parameters changed were substrate temperature and oxidant mixture.
3.8.3 Factors controlling concentrations of adsorbed lead and adsorbed
oxygen
To understand the dependence on the lead flux and oxidant pressure seen in the main text,
Figs. 2(b) and 2(c), we consider the factors controlling the concentrations of adsorbed lead
and oxygen, [Pb(ad)] and [O(ad)]. To grow PbTiO3 as a single phase we supply at least 15
times more lead than titanium and at least 40 times more ozone than titanium. Thus,
the the fraction of lead and oxygen consumed by reaction to PbO is relatively small near
the edge of the kinetic growth window, when rPbO ≈ rTiO2 , and we model the lead and
oxygen adsorption/desorption assuming that they are independent of each other and
of the titanium flux. We also assume low surface coverage of each, though we discuss
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this latter assumption in the main text. We do not explicitly consider the true reaction
mechanism or the density of surface sites of type suitable for these particular reactions;
we do note, however, that all PbTiO3 grown within this study was grown on the same
type of substrate, prepared in the same way, with a miscut angle between 0◦ and 0.2◦,
suggesting that there may be comparable densities of the sites of interest.
Our growth temperatures are well above the equilibrium sticking temperature of
metallic Pb0 at our chamber pressure; lead only resides briefly on the surface, at equi-
librium with empty surface sites ∗:
Pb(g) + ∗
k3.12−−−⇀↽ −
k−3.12
Pb(ad). (3.12)
The concentration of adsorbed lead atoms [Pb(ad)] may be found from the equilibrium
constant of this reaction KPb=k3.12/k−3.12=[Pb(ad)]/[Pb(g)]. The equilibrium constant itself is
related to the Gibbs energy of condensation of a lead atom onto a surface:
[Pb(ad)] = KPb[Pb(g)]
= [Pb(g)]e
−∆GPb(g)→Pb(l)/kBT .
(3.13)
We may relate [Pb(g)] with lead flux ΦPb using the kinetic theory of gases. The relationship
between flux and equivalent gas pressure depends on chamber geometry (held constant
for all PbTiO3 growths) and the square root of source temperature [47], the latter of which
does not vary significantly [2] within the course of this experiment. Thus, we approximate
the equivalent lead gas pressure to be linearly dependent on the lead flux. ∆G=∆H-T∆S;
e−∆G/kBT=e−∆H/kBTe+∆S/kB . The entropy term e+∆S/kB is a constant in Eq. (3.13). Adsorbed lead
[Pb(ad)] will relate to lead flux ΦPb and substrate temperature T as
[Pb(ad)] ∝ ΦPbe−∆HPb(g)→Pb(l)/kBT . (3.14)
−∆HPb(g)→Pb(l) is negative under growth conditions; the exponential term on the right
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side of Eq. (3.14) decreases with increasing substrate temperature, giving the expected
result that at constant lead flux, less lead is available on the surface to form PbO when the
substrate is hotter than when the substrate is colder. At constant substrate temperature,
the concentration of adsorbed lead available to form PbO is directly dependent on lead
flux. Considering how the kinetic growth window described by in the main text,
k1[Pb(ad)][Oad] ≥ ΦTi, (3.15)
depends on [Pb(ad)], we see then that increasing the lead flux has the inverse effect of de-
creasing the titanium flux: increasing the lead flux will widen the kinetic growth window,
as is observed experimentally in Fig. 2(b) of the main text.
The relationship between ozone flux and adsorbed oxygen concentration is more dif-
ficult to describe. At pressures near and above one atmosphere and at or below room
temperature, adsorbed oxygen on an MnO2 catalyst is found to vary as alog([O3])+b/T
for a and b constants [119, 120]; however, the observed mechanism of oxygen desorp-
tion proceeds through collision of a gas-phase ozone molecule with the adsorbed oxygen
atom, which will be significantly rarer at our lower pressures. Thus, this result is unlikely
to accurately describe our system.
Oxidation kinetics play an extremely important role in the growth of the supercon-
ducting oxide YBa2Cu3O7−x by MBE [24, 171, 175], as well as the growth of related oxides
by MBE [176], and has therefore been studied extensively. It has been observed that the
necessary ozone flux to grow superconducting YBa2Cu3O7−x films by codeposited MBE
[115, 171] is linearly dependent on combined metal flux. Based on these studies, at MBE-
amenable chamber pressures and substrate temperatures, the concentration of adsorbed,
possibly-activated oxygen atoms available for oxidizing the film appears to be a linear
function of ozone flux.
A linear relationship between ozone flux ΦO3 and [O(ad)] more closely mirrors the find-
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ing shown in Fig. 2(c) in the main text than a logarithmic relationship. Assuming a linear
relationship between ΦO3 and [O(ad)], increasing the ozone flux would have an equivalent
effect on the kinetic growth window width as does increasing the lead flux.
3.8.4 Measurement of ozone fraction and ozone activity
The ozone concentration originating from the generator was measured to be approxi-
mately 9 mol% at the MBE gas inlet as determined with a PCI ozone monitor [155]. To
calibrate the activity of ozone at the sample surface a quartz crystal monitor (QCM) was
lowered into the substrate position and the mass accumulation rate was monitored as a
continuous flux of bismuth was deposited under varying chamber background pressures
with diatomic oxygen, generator ozone, and distilled ozone. Using the atomic masses of
each species, it was possible to determine the stoichiometry of the depositing material
from the mass accumulation rate. The results are shown in Fig. 3.4.
It was observed that pure diatomic oxygen was not sufficient to oxidize bismuth to
a 3+ state at a chamber background pressure of 1×10−6 Torr. The activity of ozone com-
pared to diatomic oxygen for the oxidation of bismuth was calculated by comparing the
pressure necessary to obtain Bi2O for pure oxygen and 9 mol% ozone. Assuming unity
sticking coefficients for both oxygen and bismuth at room temperature, a mass accumula-
tion rate consistent with Bi2O formation was observed at a chamber background pressure
of 1×10−6 Torr for pure oxygen and 4.6×10−8 Torr for 9 mol% ozone (4.1×10−9 Torr ozone
partial pressure). This results in a 250:1 pressure ratio for diatomic oxygen to partial pres-
sure ozone, suggesting that ozone is 250×more active in oxidizing bismuth than diatomic
oxygen in the process chamber in which we grew BiFeO3.
9 mol% ozone oxidizes bismuth to a 3+ state, allowing formation of Bi2O3, at a cham-
ber background pressure of 6×10−7 Torr. Distilled ozone allows formation of Bi2O3 at a
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Figure 3.4: Mass accumulation rates measured on a QCM with constant bismuth flux and
various oxidants and background pressures. (a) Accumulation of Bi2O in pure diatomic
oxygen (100% O2). (b) Accumulation of Bi2O and Bi2O3 in generator ozone (9% O3, 91%
O2). (c) Accumulation of Bi2O3 in generator ozone (calculated to be 90% O3, 10% O2).
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background pressure of 6×10−8 Torr. This results in a 10:1 pressure ratio for 9 mol% ozone
to distilled ozone, suggesting that the distilled ozone is 90 mol% ozone (O3) and 10 mol%
diatomic oxygen (O2).
3.8.5 Secondary phases that appear in the growth of BiFeO3
At lower ozone fraction and at high temperatures, γ-Fe2O3 is favored by thermodynam-
ics. At high temperatures and high ozone fraction, Fe3O4 is favored as a bulk phase. We
hypothesize that one contributor to the difference between what is predicted theoretically
and what is observed experimentally stems from crystallographic symmetry considera-
tions. α-Fe2O3 possesses rhombohedral symmetry (space group R3¯c), which is similar
to that of BiFeO3 (space group R3c). α-Fe2O3 possesses a pseudocubic lattice parameter
of 3.56 Å that is, however, significantly smaller than that of the SrTiO3 substrate (3.905 )
and BiFeO3 (3.96 ). From strain considerations, the overall film strain would be decreased
with the presence of the smaller lattice parameter of α-Fe2O3 epitaxially embedded in
the BiFeO3 matrix. Contrarily, Fe3O4 is a cubic spinel (space group Fd3¯m) with a lattice
parameter of 8.375 . If it were to exist in a (111)-orientation similar to γ-Fe2O3, a tensile lat-
tice mismatch of approximately 1.1% would exist. This lattice match difference could be a
contributor in the system preference toward the α-Fe2O3 phase. The presence of α-Fe2O3
as the secondary phase at high oxidant pressures is also consistent with results observed
for growth of epitaxial BiFeO3 in high-oxygen concentration containing atmospheres by
pulsed-laser ablation [18] and rf-sputtering [50].
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CHAPTER 4
MULTIPLE X-RAY SCATTERING MAY BE WIDESPREAD IN COHERENT,
EPITAXIAL OXIDE THIN FILMS
Manuscript in preparation as: Smith, Eva H.; King, Phil D. C.; Dawley, Natalie M.; and
Schlom, Darrell G. 2017. A few minor changes have been made.
4.1 Abstract
In numerous symmetric θ-2θ scans of phase-pure epitaxial oxide thin films grown on
single-crystal substrates, we observe x-ray diffraction peaks that correspond to neither
the film nor the substrate crystal structure. These peaks are the result of multiple, se-
quential diffraction events that occur from both the film and substrate. The occurrence
of so-called “hybrid” reflections, while described in the literature, is not widely reported
within the oxide thin-film community. We describe a simple method to predict and iden-
tify peaks resulting from hybrid reflections and show examples from epitaxial oxide films
of perovskite and Ruddlesden-Popper phases.
4.2 Introduction
Four-circle x-ray diffraction is an essential tool for the characterization of epitaxial thin
films, giving information about crystalline phases present, their orientation, and struc-
tural perfection. Of particular importance is the ability of x-ray diffraction to determine
whether a particular sample consists of a single phase or a mixture of phases. For a phase
identification to be considered correct, all features (peaks in intensity) in a scan of inten-
sity versus 2θ must be identified. Any unidentified peaks call into question the phase
purity of the thin film.
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Multiple scattering events have been described in x-ray diffraction since 1937 [164]
as causing unexpected intensity at symmetry-forbidden reflections from single crystals.
More recently, hybrid scattering events, in which a beam that is diffracted by the sub-
strate is then diffracted a second time by the film, have been identified as giving rise to
reflections that correspond to neither the film reciprocal lattice nor the substrate recip-
rocal lattice, but rather, a “hybrid” reciprocal lattice, whose reflections are measured at
angles 2θ at which no film or substrate reflections occur [139]. Almost every discussion
or report in the literature of hybrid reflections in x-ray diffraction experiments uses ei-
ther synchrotron radiation sources or reciprocal-space maps to search for and characterize
them [52, 130, 137, 138, 139, 140]. These methods, while giving a great deal of informa-
tion, require either specialized facilities or a significant time investment, and are generally
only performed on a few select films rather than as a matter of course. Furthermore, we
are not aware of any reports in peer-reviewed journals of hybrid reflections from oxide
thin films. We argue here that such reflections may be sufficiently common that checking
for hybrid reflections should be a matter of course when analyzing diffraction data from
high-quality oxide thin films.
For identification of hybrid reflections in symmetric 2θ scans, we calculate the ex-
pected angle 2θ at which a hybrid reflection is expected to occur in the following way.
Consider the hybrid reflection arising from the hsksls reflection from a substrate with re-
ciprocal lattice vectors ~a∗s, ~b∗s, c~∗s and the h f k f l f reflection from a film with reciprocal lattice
vectors ~a∗f , ~b
∗
f , ~c
∗
f . We define reciprocal lattice vectors from the real-space lattice vectors ~a,
~b, ~c as follows:
~a∗ =
~b × ~c
~a · ~b × ~c
; ~b∗ =
~c × ~a
~a · ~b × ~c
; ~c∗ =
~a × ~b
~a · ~b × ~c
. (4.1)
The scattering vector of the hybrid reflection ~Gu will be the sum of the scattering vectors
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of the reflection from the substrate, ~Gs, and the reflection from the film, ~G f [139]:
~Gs =hs ~a∗s + ks ~b∗s + ls~c∗s
~G f =h f ~a∗f + k f ~b
∗
f + l f ~c
∗
f
~Gu = ~G f + ~Gs.
(4.2)
Bragg’s law may be used to find the angle 2θ at which the peak occurs:
2θ = 2Sin−1
λ| ~Gu|2
 . (4.3)
For coherently-strained, epitaxial films grown “cube-on-cube” relative to their sub-
strates, the in-plane lattice vectors of the film and substrate are the same, and ~a∗s= ~a∗f and
~b∗s= ~b∗f . Then when hs=−h f and ks=−k f , the in-plane component of the hybrid reflection
hs ~a∗s +h f ~a∗f + ks ~b
∗
s + k f ~b
∗
f is null and the resulting hybrid reflection is a symmetric reflection,
able to be observed during ordinary θ-2θ x-ray diffraction scans [139].
Many epitaxial oxide thin films grown by pulsed-laser deposition (PLD), molecular-
beam epitaxy (MBE), and chemical vapor deposition (CVD) are grown with high struc-
tural quality, e.g. highly oriented relative to their substrates in-plane [26, 55, 79, 127, 129,
143, 162, 216, 219], film rocking curve full-width half maximum ≤ 0.01◦ [60, 97, 143]. For
such films, we present a simple relationship between film and substrate lattice constants
and the angles 2θ at which hybrid reflections can be expected to occur. For substrates and
films with cubic, tetragonal, or orthorhombic symmetry, the norm of the hybrid scattering
vector | ~Gu| relates to the scalar substrate out-of-plane lattice parameter, cs, and the scalar
film out-of-plane lattice parameter, c f , by
| ~Gu|= lscs +
l f
c f
, (4.4)
and the angle 2θ at which this reflection is observed is found by plugging in | ~Gu| from Eq.
(4.4) into Eq. (4.3):
2θ = 2Sin−1
(
λ
2
∣∣∣∣∣∣ lscs + l fc f
∣∣∣∣∣∣
)
. (4.5)
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We will use Eq. (4.5) to predict the 2θ angles for hybrid reflections in this manuscript.
In addition to comparing predicted 2θ values for hybrid reflections to peak positions
measured experimentally, we also identify hybrid reflections through the dependence of
their intensity on azimuthal rotation angle φ. In contrast to symmetric reflections from the
film or substrate, the intensity of hybrid reflections is strongly dependent on φ, commonly
showing hundreds of distinct peaks as intensity is measured as a function of azimuthal
angle. This dependence may be understood by the fact that while these hybrid reflec-
tions have no net in-plane scattering component, they arise as a sum of reflections that
do, in general, have finite in-plane components. Measuring the φ-dependence of a peak
present in a θ-2θ scan is a traditional method for identifying the contribution of multiple
diffraction events to its intensity [37, 46, 164, 167].
In the examples that follow, we focus our discussion on the appearance of hybrid
reflections in θ-2θ scans, a standard scan for phase characterization [48], and their verifi-
cation with φ scans. Due to the increasing numbers of reports of high-quality, heteroepi-
taxial oxide films, we expect that hybrid reflections are observed more commonly than
they are mentioned in the literature.
4.3 Methods
Thin films were grown by reactive molecular-beam epitaxy on single-crystal substrates.
SrTiO3 (001) substrates were TiO2-terminated [110].
PbTiO3 was grown in an absorption-controlled growth regime using a procedure de-
scribed elsewhere [184]. In brief, the substrate temperature was 580◦C, the lead flux was
2×1014 atoms cm−2 s−1, the titanium flux was 9×1012 atoms cm−2 s−1, the distilled ozone
(∼80% O3 + 20% O2) background pressure was 6×10−6 Torr, and all constituent molecular
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beams were supplied at the same time (continuous codeposition).
La2NiO4 was grown on (001) LSAT as described in previously [104]. In short, the film
was grown by sequential deposition of binary oxide monolayers [LaO-NiO2-LaO]40.
To grow Ba0.2Sr0.8TiO3, the strontium, barium, and titanium fluxes were calibrated
such that, when sequential doses of strontium and titanium were deposited, the stron-
tium deposition time was 1.25 times the titanium deposition time; and that when se-
quential doses of (codeposited strontium and barium) and titanium were deposited, the
(strontium and barium) deposition time was equal to the titanium deposition time. The
substrate temperature was 800◦C, the titanium flux was ∼1.5×1013 atoms cm−2 s−1, and the
oxidant was the ∼10% ozone output of a commercial ozone generator yielding a chamber
background pressure of 9×10−7 Torr. After individual source doses were calibrated, films
of Ba0.2Sr0.8TiO3 were grown by continuous codeposition of all sources while the sample
was continuously rotated and the surface monitored by reflection high-energy electron
diffraction (RHEED) for signs of either A-site or B-site excess [211]. Films were grown
by codeposition to increase growth rates and with the goal of increasing uniformity at the
atomic level. Source temperatures (fluxes) were adjusted as necessary throughout growth
to maintain correct stoichiometry.
X-ray diffraction measurements were performed in θ-2θ geometry at room tempera-
ture on a commercial Rigaku SmartLab using Cu Kα1 radiation monochromated with a
double crystal Ge 220 monochromator. Film out-of-plane lattice parameters are found us-
ing Nelson-Riley fitting [147] of the 00l film peak positions from symmetric θ-2θ scans. In
the φ scans, φ = 0 corresponds to where the in-plane component of the diffraction vector
is aligned parallel to the [100] direction of the substrate.
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4.4 Results
In this section we consider the x-ray diffraction patterns from three films: 50 nm-
thick PbTiO3/SrTiO3 (001); 200 nm-thick Ba0.2Sr0.8TiO3/SrTiO3 (001); and 25 nm-thick
La2NiO4/LSAT (001). The first two films are both tetragonal perovskites with the long
tetragonal axis oriented out-of-plane; the first forms in space group P4mm and the second
in space group P4/mmm. The third sample, La2NiO4, is the n = 1 member of the homolo-
gous Ruddlesden-Popper series Lan+1NinO3n+1. This structure also belongs to a tetragonal
space group I4/mmm at room temperature, with the long axis out of plane. SrTiO3 and
LSAT are cubic perovskites at room temperature, forming in space group Pm3¯m.
For each film we present θ-2θ patterns taken at several values of φ and observe how
the peaks arising from hybrid reflections change dramatically in intensity while the peaks
arising from single diffraction from the film or substrate stay constant. We also present φ
scans of the hybrid reflections and film reflections. φ scans of the film and substrate lattice
verifying cube-on-cube epitaxy are shown in the Supplementary Materials.
In Fig. 4.1 we show θ-2θ scans (a-b) and φ scans (c) of a 50-nm-thick PbTiO3/SrTiO3
(001) sample. As φ is changed, four extra peaks beyond what would be expected from a
superposition of the SrTiO3 and PbTiO3 patterns appear and disappear in the θ-2θ scan:
two extra peaks near the film and substrate 001 reflections, and two extra peaks near the
film and substrate 002 reflections. We see the first two of these extra peaks at 24.1◦ and
25.4◦; we see the second two at 45.8◦ and 47.9◦. Using the measured c-lattice constant for
this PbTiO3 film of 4.138 Å and a c-lattice constant of 3.905 Å for the SrTiO3 substrate
[8], Eq. (4.5) predicts that hybrid reflections between PbTiO3 and SrTiO3, will occur at the
angles marked with dashed lines in the θ-2θ scans of Fig. 4.1. All four extra peaks fall at
angles predicted for hybrid reflections.
To solidify our belief that the “extra” peaks result from hybrid reflections, we rotate
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Figure 4.1: Dependence of regular and hybrid reflections on (a), (b) 2θ and (c) φ in a 50
nm-thick film of PbTiO3 grown on SrTiO3 (001). The dashed lines in the θ-2θ scan corre-
spond to the expected positions of hybrid reflections calculated using Eq. (4.5). Hybrid
reflections are indexed by ls and l f .
the sample about φ and measure the changing x-ray intensity at each of the four extra
reflections. For reference, we also measure how the intensity of a symmetric, singly-
diffracted film reflection varies with φ; and we measure the position in φ of the film 101
peak. The film and hybrid reflections depend very differently on φ. The intensity of the
PbTiO3 002 reflection is nearly constant as a function of φ, while the intensities of the
hybrid reflections vary rapidly.
Similar features are seen in the θ-2θ x-ray diffraction pattern near the film and substrate
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Figure 4.2: Dependence of regular and hybrid reflections on (a) 2θ and (b) φ in a 200-nm-
thick film of Ba0.2Sr0.8TiO3 grown on SrTiO3 (001). The dashed lines in (a) correspond to
the expected positions of hybrid reflections calculated using Eq. (4.5). Hybrid reflections
are indexed by ls and l f .
001 reflections of a 200 nm-thick film of Ba0.2Sr0.8TiO3 grown on SrTiO3 (001), shown in
Fig. 4.2(a). Two peaks at slightly higher angle than the substrate 001 peak appear or
disappear as φ is rotated. These peaks appear at the angles in θ-2θ calculated for hybrid
reflections using the measured lattice constant for this film: c f=3.953 Å and cs=3.905 Å [8].
While these peaks occur at different angles than the two hybrid reflections in the PbTiO3
film, they show similar, rapidly-varying behavior with respect to φ rotation, as shown in
Fig. 4.2(b) and thus may also be attributed to hybrid diffraction.
Having considered hybrid reflections from two perovskite thin films, we next consider
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Figure 4.3: Dependence of regular and hybrid reflections on (a), (b) 2θ and (c) φ in a 25-nm-
thick film of La2NiO4 grown on LSAT (001). The dashed lines in (a) and (b) correspond to
the expected positions of hybrid reflections calculated using Eq. (4.5). Hybrid reflections
are indexed by ls and l f .
hybrid reflections from a Ruddlesden-Popper film, a structural relative to the perovskite
[15, 169, 170]. θ-2θ scans at various φ, and φ-scans at various values of 2θ, from a 25-nm-
thick film of La2NiO4 grown on LSAT (001), are shown in Fig. 4.3. Four hybrid reflections
appear in the θ-2θ x-ray diffraction patterns near the film 002 and the film 006 reflection,
shown in Fig. 4.3(a) and Fig. 4.3(b), respectively. The hybrid reflections near the film
002 reflection appear to show thickness fringes, similar to the film reflections. The hybrid
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reflections appear at values of 2θ predicted using Eq. (4.5) using cs=3.8672 Å and the
measured out-of-plane lattice constant of the film, c f=12.6695 Å. The many discreet peaks
of intensity in φ seen in Fig. 4.3(c) adds further support to our belief that these four extra
reflections are also due to hybrid diffraction.
4.5 Discussion
Based on the appearance of hybrid reflections in the three films, belonging to two distinct
structural types, considered in Section 4.4, we believe that it is likely that such hybrid re-
flections may occur in symmetric θ-2θ scans of high-crystalline quality thin films as long
as they meet the crystallographic requirements described below. Such peaks will further-
more be detectable with a commercial benchtop diffractometer when the intensity of an
x-ray beam diffracted (once) from the film is sufficiently large. This latter condition is met
if the film is sufficiently thick, the film contains a high concentration of atoms with high
atomic number, the film and substrate have a sufficiently-large number of high-intensity
reflections, or the x-ray source is sufficiently bright. We may approximate a ceiling for the
intensity of a hybrid reflection using a procedure like that described in the Supplemen-
tary Information. Based on this method we expect that the most intense hybrid reflection
in all three samples considered here combines the most intense substrate-only reflection
with the most intense film-only reflection; this prediction is in agreement with our obser-
vations.
In deriving Eq. (4.5) we assumed that the film would be coherently strained, epitaxial,
and grown cube-on-cube relative to the substrate. Growth of single-crystal, coherently
strained, heteroepitaxial oxide films with high structural perfection (film rocking curve
full-width half maximum ≤ 0.01◦) is increasingly common [60, 97, 143] and also increas-
ingly accessible [3].
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Interestingly, we also have observed hybrid reflections from films that do not strictly
meet the structural criteria described in the Introduction. First, we have measured hy-
brid reflections from a 300-nm thick film of PbTiO3 grown on SrTiO3 that is relaxed, with
a mixture of a- and c-domains, though still cube-on-cube epitaxial. Second, we have
measured hybrid reflections from a 100-nm-thick film of BaSr2Ti2O7 grown on DyScO3
(110); DyScO3 is orthorhombic, while the BaSr2Ti2O7 is tetragonal. The hybrid reflections
from these two films that appear in symmetric θ-2θ scans likely are broadened, with fi-
nite intensity along the in-plane direction as well as that which was detected along the
out-of-plane direction. Many high-quality, single-crystal, heteroeptiaxial oxide films are
highly oriented relative to their substrates in-plane, as were these two films, as shown
through reciprocal-space maps or reflection high energy electron diffraction of both film
and substrate [26, 55, 79, 127, 129, 143, 162, 216, 219].
We conclude that hybrid reflections may be expected from heteroepitaxial oxide thin
films that: (1) are grown close to cube-on-cube relative to their substrates; (2) have an
in-plane lattice constant close to that of the underlying substrate, though not necessarily
perfectly coherent; (3) have low mosaicity [36]; and (4) scatter sufficiently brightly. The
combination of more films being grown and studied that meet the criteria for hybrid
reflections with awareness of how to predict and verify hybrid reflections by thin-film
scientists makes us anticipate that reports of hybrid reflections in the literature will grow.
4.6 Conclusions
We have presented three cases in which multiple x-ray diffraction events are observed
in symmetric θ-2θ scans of epitaxial oxide thin films. We demonstrate how these hybrid
reflections may be identified based on the angle 2θ at which they appear and their rapidly
changing intensity as the sample is rotated about the azimuthal angle φ. Based on the
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diversity of films in which we observe such behavior, the fact that we use no special tech-
niques or equipment to collect our diffraction data, and the growing numbers of reports of
heteroepitaxial thin films with high crystalline quality, we believe that hybrid reflections
may be more common they are mentioned in the literature.
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4.8 Supplementary Information
4.8.1 Proof of cube-on-cube epitaxy
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Figure 4.4: φ scans of the film and substrate 101 peaks of the 50-nm-thick PbTiO3/SrTiO3
(001) film, demonstrating cube-on-cube epitaxy.
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Figure 4.5: φ scans of the film and substrate 101 peaks of the 200-nm-thick
Ba0.2Sr0.8TiO3/SrTiO3 (001) film, demonstrating cube-on-cube epitaxy.
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Figure 4.6: φ scans of the film 103 and substrate 101 peaks of the 25-nm-thick
La2NiO4/LSAT (001) film, demonstrating cube-on-cube epitaxy.
4.8.2 Simple method for calculating the ceiling of a hybrid reflection
intensity
Consider a hybrid reflection that may arise from a substrate reflection hsksls followed by
a film reflection h f k f l f , appearing at angle 2θ=2θu. The intensity of the substrate reflection
Is, if it does not undergo a second scattering event but simply is transmitted through
the film, may be measured by suitable alignment of the detector. This intensity will be
related to the intensity of the once-diffracted beam as it leaves the substrate Is,0 through
an attenuation factor [58]:
Is = Is,0 exp
[
− µ f t f
sin(ωs)
]
, (4.6)
for t f the film thickness, µ f the film linear attenuation coefficient, and ωs half of the angle
2θ at which the once-diffracted beam is measured, as shown in Fig. 4.7. The linear at-
tenuation coefficient can be found as the product of the mass attenuation coefficient and
the density [150]. The mass attenuation coefficient for a compound is a weighted sum
of the mass attenuation coefficients for each constituent atom at the appropriate photon
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Figure 4.7: Geometry of sample.
energy [91]. Atomic mass attenuation coefficients may be found through tables such as
those compiled by NIST [91].
The intensity of the hybrid reflection Iu can be found by the standard methods for
calculating the intensity of a diffracted spot from a film at diffraction angle θ f associated
with the film reflection h f k f l f , weighted by the probability that the beam will interact with
the film [58]:
Iu = Is,0F f (θ f )
(
1 − exp
[
−µ f t f
(
1
sin(ωs)
+
1
sin(ωu)
)])
(4.7)
for F f (θ f ) including terms for structure factor, general angular intensity dependence, and
degeneracy, with the requirement that the beam reflected from the film must have a pos-
itive, non-zero component out-of-plane, and ωu half of the angle 2θu at which the two-
diffracted beam is measured.
The intensity ratio of the hybrid reflection to the substrate-only reflection may then be
approximated by:
Iu
Is
= F f (θ f ) exp
[
+µ f t f
1
sin(ωs)
] (
1 − exp
[
−µ f t f
(
1
sin(ωs)
+
1
sin(ωu)
)])
. (4.8)
We note first that this calculated value corresponds to the total intensity of the hybrid
reflection integrated over reciprocal space, and that this value corresponds to a maximum
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value with no scattering from the surface or grain boundaries and perfect cube-on-cube
epitaxy and perfect coherence between the film and substrate; the intensity of hybrid
reflections from real films should be expected to be less.
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CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS
5.1 Summary
I have described cases of prediction, growth, and characterization of three perovskite sys-
tems. In the Introduction I mentioned that I hoped my dissertation would make at least a
small contribution to the answers of three important questions to materials scientists. In
summary, within the circumstances of each chapter, my answers to each were as follows.
How does a collection of atoms decide what structure to take in the solid state?
Assuming sufficiently fast diffusion that the collection of atoms may find its thermody-
namic ground state, the atoms will take the structure that is the best compromise among
the bonding requirements of each species. Within perovskite CsPbF3, the ground state
structure is that which permits localization of the Pb2+ lone pair while allowing the large
Cs+ cation a sufficiently large coordination number, within the topological constraints of
the three-dimensional anion sublattice.
How can I facilitate the growth of the crystal phases and structures that I want?
Even when thermodynamics favor formation of a particular phase, the role of kinetics
in thin film growth cannot be discounted. Consideration of the rate-limiting chemical
reactions in material synthesis allows rational selection of growth conditions and repro-
ducible growth of high-quality films. PbTiO3 is formed by reaction of TiO2 and PbO;
formation of either TiO2 or PbO may be rate-limiting to the overall growth. If TiO2 depo-
sition is rate-limiting, then the resulting film is phase-pure PbTiO3, but if TiO2 formation
is faster than lead oxidation, then the resulting film will be an impure mixture of PbTiO3
and TiO2. To grow phase-pure PbTiO3, then, the lead oxidation must be allowed to pro-
ceed as quickly as possible; in practice this requires supplying as much ozone as possible
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and significantly more lead than titanium.
How do I confirm that my interpretation of an x-ray diffraction pattern is correct?
In a symmetric x-ray diffraction scan, the lattice planes measured by single diffraction
events are normal to sample azimuthal axis, and thus rotation of the sample about the
azimuthal axis φ should not change the peak intensity. When multiple diffraction events
occur, however the route taken by the x-ray beam is more circuitous and will in general
involve reflections with a finite in-plane component of the scattering vector. As a result,
rotation of the sample about φ will dramatically change the peak intensity. The position
2θ of doubly-diffracted peaks may be predicted mathematically and their identification
verified by measuring their intensity dependence upon φ. In this way a scientist can be
certain that the extra peak in her pattern is due to this unusual phenomenon.
5.2 Future directions
The following are ongoing or unfinished projects as of June 2017.
Optimizing the ferroelectric hysteresis of PbTiO3 thin films grown by MBE. PbTiO3
is a prototypical ferroelectric, with a large remnant polarization. Molecular-beam epitaxy
is a prime method to grow thin films with high crystalline quality. It may be considered
surprising, then, that the ferroelectric properties of thin PbTiO3 films grown by MBE are
generally poor, with significant leakage being a particular problem. Research assistant
Ariel Seidner has done ferroelectric measurements on some of my MBE-grown PbTiO3
thin films and found remarkably good ferroelectric properties, in particular low leakage.
This project, if taken on by a new researcher, would attempt to pinpoint the reason the
films have such good ferroelectric properties. I suspect that issues with stoichiometry
control – and, in particular, the presence of lead vacancies due to incomplete lead oxida-
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tion – may be to blame for the poor ferroelectric properties of other thin films grown by
MBE. One could grow PbTiO3 thin films in which the substrate is held fixed, rather than
continuously rotated, during growth, resulting in films with a spatial composition gradi-
ent. Measurement of the ferroelectric properties as a function of position on the sample
could illuminate the role of composition in the ferroelectric properties of thin PbTiO3 films
grown by MBE. Measurement of the thermal conductivity as a function of position could
also illuminate the region(s) of the film that have lowest concentration of point defects
and which are therefore likely to have stoichiometry closest to the nominal Pb1Ti1O3.
Effect of the ferroelectric phase transition on thermal conductivity near room tem-
perature Phonons are the primary heat-carriers in crystalline insulators. Phonons also
mediate displacive phase transitions, including ferroelectric phase transitions. As the
temperature of a displacive phase transition is approached from above, a phonon will
soften (decrease in frequency) until, at the phase transition temperature, the restoring
force on the atomic displacements will vanish and the phonon mode will “freeze in.”
Just above the phase transition temperature this phonon mode has the potential to in-
teract with heat-carrying phonons, possibly resulting in significant changes to thermal
conductivity. I have grown several BaxSr1−xTiO3 thin films coherently strained on various
substrates, giving a range of Curie temperatures. In this project, collaborators will mea-
sure thermal conduction in these films as a function of temperature to assess the effect
of the phase transition. One could also grow more films to probe the different effects of
strain and composition (each of which changes the Curie temperature) on the thermal
conductivity.
Crystal chemistry and stability of Ruddlesden Poppers I did a first-principles project
probing the chemistry and stability of Ruddesden Poppers, with emphases on those in
which n=1 and Ca2TiO4 in particular. Part of this project was predicting the epitaxial
strain conditions under which Ca2TiO4 would be a stable phase in the CaO-TiO2 phase
105
diagram, with the prediction that this stability could potentially be realized on LuAlO3
(110) substrates. This project seems unlikely to ever be finished or published, but anyone
interested is welcome to email me to chat about it at eva.h.smith@gmail.com.
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